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ABSTRACT 
 
 The development of highly sensitive and chemically specific optical probes has only been 
marginally realized to date. Surface-enhanced Raman spectroscopy (SERS) is an emerging 
technique that offers both chemical sensitivity and specificity. This dissertation examines the 
rational design, synthesis, characterization, and application of SERS-based optical probes 
designed for biological imaging and chemical sensing experiments. Special attention is paid to 
both the probe stability and the stability of its chemical signature. Our results indicate that 
significant care is required to successfully manufacture and use probes that are intended for 
biological investigation. An inner-filter effect between the extinction of light propagating 
through a matrix of probes, modeled as a colloidal solution, and surface-enhancement requires 
precise selection of the laser excitation wavelength and the optical properties of the probe. 
Metallic nanostructures consisting of noble metals such as gold and silver were investigated as 
probes because they provide intense surface-enhancement effects and the ability to tune their 
optical properties as desired. In particular, gold nanostructures are highly desirable because of 
their biocompatibility and inertness. Surface chemistry modification and characterization of 
metallic nanostructures were investigated to further our understanding of the requirements 
needed for preparing highly stable probes. Light scattering simulations were performed to predict 
the influence of certain geometries, materials, and illumination modalities on the probe’s optical 
properties. This dissertation discusses studies that have investigated the long-term stability 
nanoprobes, the kinetics of surface ligand exchange, nanoprobe imaging in cellular systems, the 
properties of reflective substrates, and electron microscopy characterization of metallic 
nanostructures.  
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CHAPTER 1 
 INTRODUCTION 
1.1 Minimally invasive diagnostics: Optical probes and chemical sensing 
 As the quality of life and lifespan of our society has improved, it has become increasingly 
vital to develop new medical technologies that can help identify and lead to the eradication of 
devastating diseases such as cancer. The development and advancement of novel 
nanotechnologies within the last thirty years has encouraged the cultivation of medical, 
computing, and scientific breakthroughs that have transformed society. Broadly speaking, 
nanotechnology involves objects or structures with feature sizes on the order of 1 – 100 nm.1 
Metallic nanostructures—due to their brilliant optical properties—have been inadvertently used 
since as least as early as the Roman Empire (circa 300 AD) in stained glass created by skilled 
artisans.2 Modern-day usage has shifted away from artwork and has focused on the development, 
design, and theoretical treatment of applications as diverse as data storage,3–5 optical displays,4,6 
solar energy,7,8 and medical diagnostics and therapeutics.9,10 As a truly interdisciplinary subject 
area, metallic nanostructures and their applications incorporate the work of chemists, physicists, 
biologists, and engineers. In this dissertation, we focus on a portion of this burgeoning field: the 
development of highly sensitive and reproducible optical probes specifically for biological and 
chemical sensing purposes. 
 The ability to perform optical imaging at the cellular and subcellular level is exceedingly 
difficult due to a lack of optical contrast; in other words, the change in index of refraction 
between subcellular components is quite small and, as a result, we cannot easily image cells 
using bright-field optical microscopy. While certain techniques such as phase-contrast 
microscopy can improve image quality and highlight small changes in index of refraction, it still 
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does not reveal important chemical differences between cells.11 Clinical diagnosis of cancers at 
the cellular level requires a highly skilled pathologist to examine chemically stained tissue 
sections using chromophores, such as hematoxylin and eosin (H&E), for additional contrast. 
Constituents such as DNA, receptors, and other biomolecules that act as biomarkers for disease 
are dimensionally below the diffraction-limit of light such that it is not possible to directly image 
these components with a light microscope. Grading or examination of the tissue, unfortunately, is 
subject to a certain of degree of interpretation and opinion. As a result, the pathologist makes 
decisions based on morphology and the chemical information provided immunohistochemical 
stains. While not the subject of this dissertation, label-free spectroscopic-based imaging 
techniques that utilize the innate chemical contrast of various biomolecules are promising but 
have yet to be widely used, in part, due to instrumentation requirements, algorithm development, 
and additional engineering before widespread commercialization.12–14 
 To overcome the lack of optical contrast in cells and tissues new contrast agents beyond 
those of simple immunohistochemical stains have been developed. These contrast agents are a 
popular and successful avenue for visualizing the spatial distribution of cellular features. 
Traditionally, contrast agents such as fluorescent dye molecules15,16 were used in biomedical 
imaging applications but new materials have been recently developed that surpass the 
capabilities of fluorophores, which are prone to photobleaching. Modern nanotechnology has 
brought about the development of semiconductor quantum dots consisting of materials such as 
cadmium selenide (CdSe), cadmium sulfide (CdS), and cadmium telluride (CdTe). Quantum dots 
have been shown to be a promising alternative to fluorescent dyes because they are less 
susceptible to photobleaching and may be excited with ultraviolet light regardless of the quantum 
dot’s emission wavelength.17–19 Both fluorophores and quantum dots suffer from a few crucial 
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flaws: they are cytotoxic, have nonspecific emission profiles, and generally emit visible light, 
which is absorbed by tissues.20 For in vivo applications, highly cytotoxic materials such as 
cadmium are generally unacceptable for clinical use except in the most dire situations. 
Researchers have investigated various coatings and surface chemistries for quantum dots to 
minimize cytotoxicity, but considerable concern lingers for how the body may tolerate and 
accumulate these toxic metal-containing materials over long periods of time.21  
 
Figure 1.1. Schematic overview of molecularly specific and targeted gold nanoprobes for tissue 
imaging applications. Gold nanoprobes offer biocompatibility, robust surface functionalization 
chemistries, and are not susceptible to photobleaching. Unique emission profiles for each variety 
of nanoprobe allow for simultaneous multiplexing. 
  
 Noble metal (particularly gold) nanostructures, on the other hand, are highly promising as 
optical probes for cellular labeling, as shown in Figure 1.1, and chemical imaging studies. 
Metallic nanostructures can enhance chemically specific emission profiles and exhibit 
sensitivities approaching that of fluorescence.22 Gold nanostructures, unlike cadmium-based 
alloys, are considered to be a chemically inert material and even have a medical history of being 
biologically safe. Colloidal gold has been used to treat rheumatoid arthritis and numerous studies 
have shown that properly functionalized gold nanostructures exhibit minimal toxicity both in 
vivo and in vitro.23–25  In fact, the average human weighing 70 kg contains roughly 2.5 mg of 
gold as a result of environmental exposure.23  The inertness of nanosized gold along with its 
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brilliant optical properties have made many researchers hopeful of new diagnostic opportunities 
in medicine.  
1.2 Optical properties of metals 
 The extraordinary optical properties of colloidal metallic nanostructures may be 
described via a modification of the semi-classical Lorentz model for dielectrics.26 The most 
generalized form of the Lorentz model assumes that dielectric materials act as damped, driven 
harmonic oscillators where electrons behave as masses attached to springs and oscillate in 
response to the driving force of incident light. A time-harmonic incident electric field 
i
0( ) e
tt  E E  is assumed to act as acting as the driving force (i.e., driving ( )e t F E ), where e  is 
the charge of an electron (1.60218 × 10-19 C). A restoring force 2restoring 0k m    F x x  accounts 
for bound electrons, where k is the spring constant, x is the displacement vector, m is the mass of 
an electron (9.10938 × 10-31 kg), and 0  is the frequency of the oscillator ( 0 /k m  ). To 
broadly account for losses caused by effects such as electron-electron scattering, electron-lattice 
collisions, and other quantum mechanical interactions we define a damping coefficient  and a 
subsequent damping force damping m  F x . We may use and rearrange Newton’s second law for a 
driven, damped harmonic oscillator ( driving damping restoringm   x F F F ) as the following:  
 20 ( )m m m e t     x x x E   (1.1) 
Assuming a time-harmonic solution i0( )
tt e x x , we may solve for ( )tx : 
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( ) i
et t
m
     x E   (1.2) 
 The macroscopic polarization vector for N electrons ( ( )Ne tP x ) may be used to relate the 
displacement to a more useful quantity such as permittivity: 
 0    D E P E   (1.3) 
where D is the electric field displacement vector, 0  is the permittivity of free-space, and  is an 
effective permittivity for an arbitrary dielectric material. Therefore, the relative permittivity of a 
dielectric material may be described as: 
 
2
p
0 2 2
0
/ 1
( ) ir
            (1.4) 
where 
2
p
0
Ne
m    is the plasma frequency of the material. Expanding the real and imaginary 
components ( ir r r      ) of the relative permittivity leads to: 
 
2 2 2
p 0
2 2 2 2 2
0
( )
1
( )r
            (1.5) 
 
2
p
2 2 2 2 2
0( )
r
          (1.6) 
The line shape of the imaginary (or absorption) term corresponds to a Lorentzian with a peak 
value at 0   . When the frequency is below the plasma frequency, the material has a negative 
permittivity, meaning that it has reflective optical properties. This effect can be additive and, 
therefore, a variety of complex phenomena can occur depending on the number of resonances in 
the material. For a material with a single resonant frequency: wavelengths far above (and greater 
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than p ) or far below (and less than p ) 0  will behave transparently, and near the resonant 
frequency will be absorptive. At the plasma frequency, the material’s r  changes sign from 
negative to positive for increasing frequency. For many optics applications we represent the 
permittivity in terms of a complex index of refraction: in n k  , where the relationship between 
the complex permittivity is: 
 2 2r n k     (1.7)
 2r nk    (1.8) 
 A modification to the Lorentz model, called the Drude-Lorentz model, assumes that 
electrons in metals are unbound (i.e., 0 = 0) such that electrons behave as a free-electron gas: 
 
2
p
21 ir
        (1.9) 
 
Figure 1.2. Real and imaginary permittivity functions of silver demonstrating that metals have 
negative real permittivities and small imaginary permittivities in the visible spectrum.  
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If we consider the real and imaginary components of the permittivity for silver  
( p  = 1.4 × 1016 s-1 and 0.032   × 1015 s-1) using the Drude-Lorentz model,27 we obtain 
Figure 1.2.  
 
Figure 1.3. Metal nanoparticles exhibit a localized surface plasmon resonance (LSPR) in which 
free electrons coherently oscillate in response to an incident electric field. Light near the 
resonance frequency will be strongly absorbed by the nanoparticles.  
  
 Nanoparticles consisting of noble metals such as gold, silver, and copper exhibit an effect 
called the localized surface plasmon resonance (LSPR). As shown in Figure 1.3, the LSPR is 
described by a coherent oscillation of the free-electron gas that moves in response to an incident 
electric field. The Drude-Lorentz model describes the permittivity of these metals such that we 
can analytically calculate the LSPR for highly symmetric nanostructures. In particular, the 
polarizability   for a spherical nanostructure is described by the Clausius-Mossotti relation:28 
 
( )( )
( ) 2
r m
r m
           (1.10) 
 Silver is a nearly ideal plasmonic material in which experimental optical measurements 
match the prediction produced by the Drude-Lorentz model well. Gold, on the other hand, does 
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not match as well because of effects such as interband transitions that occur at ultraviolet/blue 
frequencies; it is necessary to perform additional empirical fitting and modification to the Drude-
Lorentz model in order to adequately match experimental measurements. The following is a 
modified Drude-Lorentz model appropriate for metals with interband transitions, like gold:26 
 
2
p
2 ir 
         (1.11) 
where   is a high-frequency permittivity constant. Researchers commonly use a combination of 
empirically derived fitting functions applied to the Drude-Lorentz model or experimentally 
measured optical constants of thin films of gold evaporated onto substrates.26,29,30  
1.3 Light scattering  
 Long before the field of nanoscience was developed, early physicists such as James Clerk 
Maxwell, John Tyndall, and Lord Rayleigh studied the properties of light. In particular, Lord 
Rayleigh sought to understand the origin of the blue sky. As described by Milton Kerker, 
Rayleigh had argued that the blue sky was a consequence of light scattering because experiments 
demonstrated that skylight was polarized; and that polarization was caused by the scattering of 
light by small isotropic particles (or oscillating dipoles) with respect to the wavelength of light.31 
By the late 1800s, Rayleigh had arrived at the now well-known 1/ 4  dependence on the intensity 
of scattered light through dimensional analysis. This relationship is responsible for the blue sky 
because shorter wavelengths of light have greater scattering intensity and longer wavelengths 
have less scattering intensity, resulting in the appearance of a blue sky. Today, we refer to 
inelastic light scattering as Rayleigh scattering and mathematically describe its intensity I as the 
following (for perpendicularly polarized scattered light):31  
9 
 
 
24 6 2
2 4 2
16 1
2
a nI
r n
         (1.12) 
where a is the size of the radius of the scatterer,  is the wavelength of light, r is the observation 
distance, and n is the index of refraction of the scatterer.  
 Shortly after the formulation of Rayleigh scattering, a physicist named C. V. Raman 
identified a weak form of scattering or “secondary radiation”.32 Raman observed a shift in the 
color of light when a solution was illuminated with sunlight and transmitted through colored 
filters. Raman first published his results on secondary radiation in 1928 and quickly won the 
Nobel Prize in Physics in 1930 for the discovery of inelastic light scattering. In honor of Raman, 
we now call this phenomenon Raman scattering.  
 
Figure 1.4. Illustration of (a) Rayleigh scattering, (b) Stokes-shifted Raman scattering, and (c) 
anti-Stokes shifted Raman scattering. 
  
 Rayleigh and Raman scattering are pictorially represented in Figure 1.4 using Jablonski 
diagrams. In Rayleigh scattering, a photon briefly (on the order of femtoseconds) excites a 
molecule to a virtual state and scatters a photon of the same energy. A virtual state is a short-
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lived state that is not necessarily an eigenvalue of the wavefunction of the molecule; meaning 
that it does not satisfy selection rules for electronic transitions. Raman scattering is a form of 
inelastic light scattering in which a molecule in the ground state (or an excited vibrational state) 
scatters a photon with lesser (or greater) energy than the incident photon. This leads to a 
molecularly specific scattering process from which is it possible to identify (and multiplex) 
numerous molecule-metal probes, which is essential for rapidly identifying numerous biomarkers 
specific to a disease. For a vibrational mode of a molecule to be Raman-active, there must be a 
change in molecular polarizability under excitation: 
 0
iq
    (1.13) 
where qi is a generalized coordinate for each mode.  
 As shown by C. V. Raman, observation of secondary radiation is a rare event, resulting in 
exceedingly weak signals. To some extent, improvements in instrumentation and optical devices 
such as lasers have mitigated these concerns; nonetheless, the Raman scattering cross section of 
most molecules is far below that of the fluorescence or absorption cross section. Raman 
scattering was a useful quantitative chemical analysis tool but did not reach its widespread 
popularity until the discovery of the surface-enhancement effect.  
1.4 Surface-enhanced Raman spectroscopy (SERS) 
 In 1974 Martin Fleischmann and coworkers observed that a roughened silver electrode 
with adsorbed pyridine molecules produced an unexpectedly high Raman scattering signal.33 At 
the time, the mechanism for this effect was not well understood and was simply attributed to a 
greater surface area as a result of surface roughening.34 A few year later in 1977, Richard Van 
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Duyne and David Jeanmaire coined the term surface-enhanced Raman scattering (SERS). In 
their paper, they confirmed and explained the results observed by Fleischmann with an 
electromagnetic model.35 Despite the potential applications of SERS, its popularity remained low 
until the late 1990s when two research groups discovered the capability of single-molecule 
SERS. In 1997, Shuming Nie and Steven Emory published a paper in Science describing single-
molecule SERS using rhodamine 6G as a reporter molecule and aggregated silver nanoparticles 
dried on a silicon substrate.36 The same year, Katrin Kneipp and coworkers published a report in 
Physical Review Letters demonstrating single-molecule SERS using the reporter molecule crystal 
violet and a solution of  aggregated colloidal silver.37 At the time, Nie calculated enhancement 
factors on the order of 1014 – 1015; similarly, Kneipp reported enhancement of 1014. In order to 
support their theory of single-molecule SERS, both order-of-magnitude estimates were compared 
to fluorescence cross sections to demonstrate that SERS is as intense as single-molecule 
fluorescence. These calculations, however, have been shown to be incorrectly normalized to a 
non-resonant Raman mode (in the case of Kneipp’s report) and incorrectly used a multiplier (in 
the case of Nie’s report).38,39 A more reasonable estimate that has been confirmed by simulation 
and experiments for single-molecule SERS is 108 – 1010. Subsequent advances in 
nanotechnology and optical instrumentation around this time led to the explosion in popularity of 
SERS alongside these pioneering papers.  
 To this day, controversy surrounds the physical origin and mechanisms of SERS. The 
majority of researchers today accept that SERS is a consequence of two primary mechanisms.39 
The dominant and more easily explained mechanism is called electromagnetic enhancement. 
Electromagnetic enhancement is a simply a consequence of the antenna-like nature of plasmonic 
nanostructures or nano-featured surfaces. Acting as antennae, nanostructures concentrate 
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incident light by many orders of magnitude near their surface. Therefore, molecules placed near 
the surface will experience enhancement due to the relative intensity of the local electric field 
Eloc at both the incident frequency 0  (incoming light) and the Raman scattered frequency 
0 s   (outgoing light). Electromagnetic enhancement G is a multiplicative factor consisting of 
the incident and scattered electric fields:40 
    2 2loc 0 loc 0 sG     E E   (1.14) 
The Stokes-shifted frequency is typically small ( 0s  ) and therefore we approximate the 
electromagnetic enhancement as: 
 4loc 0( )G  E   (1.15) 
It is possible to design nanostructures with excellent electromagnetic enhancement.41,42 
Nanostructures with sharp edges or corners exhibit several orders of magnitude higher 
enhancement factors in an analogous manner to a lightning rod where the electric field is 
strongly localized to areas of high radii of curvature.43 It has been repeatedly shown that 
nanocubes have one of the highest electromagnetic enhancement factors of all reproducibly 
synthesizable nanostructures (consistent edge length, number of faces, etc.).44,45 Aggregated 
nanoparticles have extremely high electromagnetic enhancement factors as a consequence of 
interplasmonic coupling between metallic surfaces forming so-called “hot-spots”; however, the 
reproducibility of aggregated nanoparticles is poor at best because it is difficult to precisely 
position molecules with surfaces.46 
 The second mechanism called the chemical enhancement effect is more elusive and has 
yet to be fully explained either experimentally or theoretically. Researchers generally argue that 
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chemical enhancement is due to a combination of metal-molecule resonances, charge transfer, 
and deformation in the polarizability of the bound molecule.47 Because the chemical 
enhancement effect is relatively weak and it is unclear how to engineer nanoparticles and 
molecules to exploit it, researchers typically neglect its contribution and focus on 
electromagnetic enhancement.39,46,47  
 Undesirable or uncontrollable hot-spots are the greatest impediment to the development 
of SERS as an analytical technique. Researchers have shown that a silver nanoparticle lattice 
consisting of 1,000,000 sites with 63 hot-spots contributed a total of 24% of the measured 
enhancement to the SERS substrate.48 Large contributions to the SERS signal such as these can 
completely dismantle the quantitative nature of SERS. If we are able to improve our control over 
the synthesis and fabrication of colloidal nanoparticles and plasmonic substrates, respectively, 
hot-spot formation may be minimized to a point that it is no longer a significant disadvantage. 
1.5 Light propagation and enhancement 
 Consideration of the propagation of light through turbid media is crucial when dealing 
with colloidal nanoparticles. Colloidal SERS measurements exhibit an inner-filter effect or a 
competition between enhancement and extinction as light propagates through the volume of 
nanoparticles.49–51 Absorption and enhancement are closely related, but do not overlap. The 
relationship between these two effects is not intuitive and requires careful calculations to 
elucidate the influence of one on the other.52 
 As shown in Figure 1.5, light propagating through a turbid media decays exponentially. 
SERS measurements performed on colloids mimic a tumor environment with a three-
dimensional matrix of nanoparticles embedded within a volume. To study the inner-filter effect, 
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we combine the Beer-Lambert law with analytic calculations for the electromagnetic 
enhancement. The Beer-Lambert law may be described by the following: 
 A bc    (1.16) 
 
 
Figure 1.5. (a) Colloidal propagation model illustrating the propagation of laser light through a 
turbid (gold nanorod) and non-turbid media (water). As light propagates through the turbid 
media, it decays exponentially as described by the Beer-Lambert law. Image from reference 50. 
(b) Experimental setup for measuring colloidal nanoparticle solutions and collection of Raman 
scattered light. The collimated laser beam illuminates the sample, is reflected passed through a 
holographic notch filter to remove Rayleigh scattered light, and then collected into a CCD 
spectrograph.  
 
where A is the absorbance,  is the extinction coefficient, b is the path length, and c is the 
concentration. All of these quantities may be measured or looked up in tables. Accordingly, the 
intensity of light I at an initial intensity I0 decays exponentially according to the Beer-Lambert 
law: 10 0 0log ( / ) / e
bcA I I I I    . The extinction coefficient for plasmonic nanostructures is 
often calculated using analytical or numerical software. Fortunately, these calculations are 
straightforward and easy to perform; therefore, it is often possible to quantitatively make 
predictions based on the Beer-Lambert law. As we will discuss in Sections 1.6 and 1.7, 
electromagnetic enhancement may also be calculated using various analytical models or 
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numerical tools.  
 The intensity as a function of frequency is given by:53,54 
  media 02 ( ) ( )0 0
0
( , ) ( , ) e
b
zn cI N G dz              (1.17) 
where N is the number of molecules in the excitation volume,   is the susceptibility of a 
Raman-active molecule, and nmedia is the index of refraction of the surrounding solution.  
Figure 1.6 shows how closely related extinction and enhancement overlap. We have previously 
shown through both experimental measurements and theoretical models that excitation of  
 
Figure 1.6. Calculated extinction (black, solid line) and electromagnetic enhancement (red, 
dotted line) of a 10 nm gold nanoparticle. Overlapping of extinction and enhancement require 
careful consideration of parameters such as excitation wavelength, path length, concentration, 
and choice of nanoparticle shape/size.  
 
colloidal nanospheres with a laser wavelength of 532 nm will not yield a measurable signal 
because extinction dominates enhancement at this frequency.49,50 At an appropriate concentration  
(i.e., < 10 nM), measurements with 633 nm and 785 nm have been successful because 
enhancement dominates extinction. Anisotropic nanostructures have a tunable extinction cross 
section such that it is possible to design nanostructures for certain excitation wavelengths. For 
example, optimal SERS signal is obtained with LSPRs slightly blue-shifted from an excitation 
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wavelength of 785 nm.50 Gold nanostructures have tunable optical properties based on their size 
and shape such that it is possible to perform SERS imaging with near-infrared light, which 
increases tissue penetration depth by decreasing optical absorption through the so-called “water-
window”.20 
1.6 Analytical light scattering calculations 
 The optical properties of colloidal metals interested early scientists such as James Clerk 
Maxwell, Michael Faraday, and Gustav Mie. In 1908, Mie published an analytical solution to 
spherical scattering to explain the brilliant and unexpected reddish hue observed from colloidal 
gold.55 Mie theory is an extremely powerful tool that has found extensive modern day usage 
because we can now fabricate a wide variety of nanospheres. Additionally, computers can now 
implement Mie’s algorithms with little effort; Mie developed all of his original mathematics 
without the use of a computer. Briefly, Mie theory solves the Helmholtz equation:28 
 2 2 0k  E E   (1.18) 
where k is the wavevector. And Gauss’s and Faraday’s laws state (for a source-free system): 
 0 E   (1.19) 
 i E = H   (1.20) 
Mie theory expands on these fundamental relations in terms of vector spherical harmonics M and 
N: 
 ( )  M r   (1.21) 
 k N M   (1.22) 
where r is the radius vector. For a function ( , , )r   , in spherical coordinates, separation of 
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variables is used to solve Helmholtz’s equation. The general solution is described elsewhere.28,56 
Applying boundary conditions for a spherical scatterer at the origin, scattering coefficients may 
be derived:28 
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 From an experimental perspective far-field properties of spherical scatterers are far more 
useful than knowing the scattered electric field. Derived using the optical theorem, one can arrive 
at the scattering scaC  and extinction extC  cross sections after some manipulation:28 
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C n b
k


     (1.26) 
where n is the number of terms and m is the ratio of the refractive index of the scatterer and the 
external medium. Extinction is simply the sum of scattering and absorption contributions  
( ext sca absC C C  ).  
 In the case of most colloidal plasmonic nanomaterials, rigorous Mie theory is 
unnecessarily complicated and unneeded. The quasi-static approximation may be used if the 
assumption that a constant electric field over the nanostructure is valid. In other words, if the 
particle size is small with respect to the wavelength of the illumination light, then we may use 
the following to calculate the cross-sectional quantities:28 
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where x = media2 /n a   and a is the radius of the nanoparticle. 
1.7 Numerical light scattering calculations 
 The immense popularity of plasmonic nanostructures has encouraged the development 
and extension of numerical electromagnetic computational tools and techniques to metallic 
nanostructures. With the continual improvement of computing systems in terms of clock speed 
and memory, it is now possible to calculate the near-field enhancement or far-field extinction 
properties of arbitrarily shaped nanostructures. A short, but incomplete, list of numerical 
techniques used in plasmonics calculations include the T-matrix method,57 the discrete dipole 
approximation (DDA),58,59 the finite element method (FEM),42,60 the finite difference time 
domain (FDTD) method,61,62 and the boundary element method (BEM).63–66 Commercial 
products such as COMSOL Multiphysics for FEM and Lumerical for FDTD are now routinely 
used to calculate optical properties. The FEM and BEM methods are briefly discussed below, as 
they have been used throughout this dissertation. 
 The finite element method is a complex computational technique that makes it possible to 
numerically solve partial differential equations that would otherwise be intractable using 
analytical or quasi-analytical techniques. The mathematics behind FEM for two- and three-
dimensional geometries is exceedingly complicated and is generally handled through the use of 
commercially developed software rather than manually writing FEM code. In the field of 
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plasmonics, one of the most popular software packages for solving numerical problems is called 
COMSOL Multiphysics. The theory behind FEM may be briefly summarized by the following 
linear operation:  
 Aˆx B   (1.29) 
where Aˆ  is an operator acting on an unknown quantity of interest, x, and B corresponds to 
sources in the simulation space. In the weighted residual method of the FEM, x is expanded in 
terms of a set of basis functions vj and expansion coefficients cj:56,67 
 j j
j
x c v   (1.30) 
From here, it is necessary to use a weighting factor (commonly set to vj) and integrate over the 
set of basis functions such that a system of linear equations is obtained: 
 ˆ ( )ij i jS v A v d    (1.31) 
 ij j j
j
S c v B d     (1.32) 
where each equation is integrated over a domain  . The techniques for formulating these 
domains and solving the set of linear equations is exceedingly complex and beyond the scope of 
this dissertation. The major advantage of the FEM is its flexibility in terms of being able to solve 
any boundary value problem on arbitrary geometries. FEM is also well-suited for frequency-
dependent material properties and non-cubic grids, unlike the FDTD method.42 
 In Figure 1.7(a), the finite element method was compared to the quasi-static approximation 
by calculating the extinction cross section Cext. The two methods have excellent agreement, 
indicating that the simulation domain was appropriately designed for far-field calculations. 
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Furthermore, we show in Figure 1.7(b) that it is possible to calculate the near-field enhancement 
of plasmonic nanoparticles. While the case of a spheroid is analytically solvable, more complex 
geometries mandate numerical solutions.  
 
Figure 1.7. (a) A comparison of the finite element method (FEM) calculations using COMSOL 
Multiphysics and analytical Mie theory (quasi-static approximation) for gold nanospheres of 
varying diameter surrounded by water (n = 1.33). (b) Near-field |E|4 distribution of a gold 
nanosphere illuminated by 785 nm light.  
 
 Interested in simulating the electron energy loss spectra of arbitrarily shaped objects, F. J. 
García de Abajo formulated a technique for solving Maxwell’s equations in inhomogeneous media 
derived from the boundary element method (BEM).63 In the BEM, scalar and vector potentials are 
solved using surface integral equations with surface charges and currents, respectively. Starting 
from Maxwell’s equations:64,68 
 0 B   (1.33) 
where B is the magnetic flux density. It follows from the properties of vector fields (i.e., 
( ) = 0   f  for any vector field f)  that an arbitrary quantity called the magnetic vector 
potential A may then be defined and related to B by the following: 
 B A   (1.34) 
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The electric field E is related to the scalar electric potential  and A by: 
 ik E A   (1.35) 
for an electrodynamic system. As a result of the arbitrary nature of A, it is possible to define its 
divergence as we see fit. For the so-called Lorentz gauge condition, the divergence of A is 
chosen to be (assuming non-magnetic materials):64 
 = ik A   (1.36) 
For instances where the permittivity  is nonzero at interfaces such that the surface charge j  
and surface current jh  are calculated as:63,64 
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The surface integral equations for each jth boundary of interface Sj are: 
 ( ) ( ) ( , ) ( )
j
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S
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where the external scalar and vector potentials extj and extjA are caused by sources in the jth 
boundary at position r and interface s. The point source response function (Green’s function) is 
defined as:68 
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The integral equations are solved by imposing interfacial boundary conditions for small element 
sizes. From these equations, it is possible to calculate the electric field throughout the simulation 
space. Ulrich Hohenester and Andreas Trügler developed a software package called metallic 
nanoparticle boundary element method (MNPBEM) in MATLAB. MNPBEM is a convenient 
and efficient package for calculating the optical properties of arbitrarily shaped plasmonic 
nanostructures in homogeneous media. MNPBEM has been used extensively in electron energy 
loss spectroscopy, optical far- and near-field calculations.64–66 
 Useful far- and near-field optical properties may be calculated once the electric field is 
known. The relationship for calculating the absorption cross section is derived using energy 
conservation and in three dimensions is given by:69 
 23abs 0 Im[ ( )] ( )C nk d r  r E r   (1.43) 
for a given electric field E0 propagating in a surrounding medium with index of refraction n, 
free-space wavevector k0, and a nanostructure permittivity of . Similarly, the extinction cross 
section may be evaluated from the following: 
  3 *ext 0 incIm d r[ ( ) 1] ( ) ( )C nk     r E r E r   (1.44) 
where Einc(r) is the incident electric field and ( )E r is the scattered electric field.  
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1.8 Gold nanoparticle synthesis and characterization 
 Michael Faraday was the first modern-day scientist to synthesize and study colloidal 
gold. Faraday added phosphorous, acting as a reducing agent, to an aqueous solution of gold 
chloride.70 Faraday’s original colloids are still held and exhibited at the Royal Institute in 
London. In 1951, John Turkevich and coworkers systematically studied the nucleation and 
growth of gold nanoparticles using a variety of chemical reducing agents including a technique 
that utilized a boiling aqueous solution of gold chloride and sodium citrate. Sodium citrate acts 
as a reducing agent at elevated temperatures and as a stabilizer at room temperature.71–73 While 
the monodispersity of Turkevich synthesized nanoparticles is not exceptional, this method is 
robust and heavily used even today for manufacturing spherical gold and silver nanoparticles. 
For simple systems such as the Turkevich method, the nucleation of gold nanoparticles may be 
described by the following:74 
 04[AuCl ] 3e Au 4Cl
      (1.45) 
 Numerous anisotropic metallic nanostructures have been synthesized within the last 
decade. One of the most attractive features of anisotropic plasmonic nanostructures, is the ability 
to tune their near- and far-field optical properties throughout the visible and near-infrared 
spectrum. Gold nanorods, in particular, have been successful and have found heavy usage in 
SERS and plasmonic sensing applications. The synthesis of gold nanorods has its origins in 
electrochemistry where a porous alumina template was used to assist anisotropic growth during 
electrochemical reduction.75 An aqueous seed-mediated wet chemical synthesis of gold nanorods 
originated in the early 2000s.76,77 Before this time, electrochemically produced gold nanorods 
were relatively large and did not exhibit a strong dipolar LSPR.25 In the aqueous synthesis of 
gold nanorods a surfactant called cetyltrimethylammonium bromide (CTAB) is used to help 
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direct anisotropic growth. The choice of surfactant is essential for growth; for example, similar 
surfactants such as cetyltrimethylammonium chloride and cetyltrimethylammonium iodide have 
not been successfully used to grow nanorods. The counterion, in this case, is essential to the 
growth mechanism because it can bind differently to certain crystalline facets. Short-aspect ratio 
gold nanorod growth is further complicated by the intentional addition of Ag+ to help control the 
aspect ratio. Even though we have the ability to accurately predict and grow nanorods, the 
growth mechanism is still not fully understood; there are three dominant theories on how growth 
might occur but further investigation is needed.75 Despite this, gold nanorods are heavily used 
due to their uniformity, ease of synthesis, improved near-field electric field intensity, and tunable 
far-field optical properties.  
Table 1.1. A brief overview of common gold nanoparticle wet chemical synthesis techniques. 
Shape Reagents required Size Surface charge 
Spheres78 CTAB, HAuCl4, ascorbic acid, 
CTAB-stabilized seed 
30 – 40 nm Positive 
Cubes78,79 CTAB, HAuCl4, ascorbic acid, 
CTAB-stabilized seed 
> 40 nm Positive 
Spheres71,72 Citrate, HAuCl4 10 – 120 nm Negative 
Rods76,77 CTAB, HAuCl4,  AgNO3, citrate-
stabilized or CTAB-stabilized 
seed, ascorbic acid 
12 nm wide, 15 – 
100 nm long 
Positive 
Rods80 CTAB, HAuCl4, AgNO3, CTAB-
stabilized seed, hydroquinone, 
NaOH 
12 nm wide, 50 - 
120 nm long 
Positive 
Stars81,82 HAuCl4, HEPES buffer, NaOH 10 – 65 nm 
branches 
Negative 
Plates83,84 HAuCl4, KI, CTAC, ascorbic 
acid, NaOH 
45 – 120 nm Positive 
Au/Ag cages85 Ethylene glycol, AgNO3, 
HAuCl4,  polyvinylpyrrolidone, 
Na2S 
45 – 100 nm Neutral/Negative 
   
 A brief overview of several gold nanoparticle structures and the reagents needed to 
synthesize them is provided in Table 1.1. The ability to manufacture such a diverse group of 
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nanostructures from simple chemical reagents has helped this field garner a great deal of attention 
and interest.  Depending on the application, certain geometries can be highly sought after for 
characteristics such as high enhancement factor, tunable LSPR, or a specific surface chemistry. A 
representative TEM image of CTAB-stabilized gold nanoparticles is shown in Figure 1.8. As 
shown, the monodispersity is reasonably high, however, small spheroidal nanoparticles and 
anisotropic nanoparticles are observed throughout deposited sample. Techniques such as oxidative 
etching and size-exclusion centrifugation have been developed to help eliminate these 
impurities.83,84,86 
 
Figure 1.8. Representative transmission electron micrograph of CTAB-stabilized gold 
nanospheres. Scale bar: 100 nm. 
 
 The outlook for gold nanoparticle growth is positive with new high-yield synthetic 
procedures being developed each year. Continually improving the quality of nanostructures will 
improve the reliability of SERS-based measurements.  
1.9 Recent applications of SERS  
 Numerous reports have demonstrated the utility of SERS nanoprobes for biological 
imaging and chemical sensing applications within recent years. As the field matures, researchers 
have been especially interested in developing SERS probes and substrates capable of quantitative 
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detection of analyte molecules. The ability to amplify the molecular signature more than one-
million times is an extremely attractive feature that has helped maintain interest in SERS. With 
advances in optical instrumentation and nanofabrication techniques, SERS is on the cusp of 
becoming one of the foremost molecularly specific detection modalities.  
  Researchers first demonstrated in vivo usage of SERS nanoprobes by injecting the 
probes into the bloodstream of mice models from which the probes with conjugated antibodies 
were shown to collect in the tumor mass and detected using Raman spectroscopy.22 More 
recently, multimodal magnetic-SERS-photoacoustic nanoparticles were used to help determine 
tumor margins of glioblastoma in mice models; brain tissue sections were carefully resected until 
the probe signal could no longer be detected.87,88 This technique is rapid and allows the surgeon 
to quickly make decisions about how much tissue to remove and could be vital for saving 
patients.  
 In terms of biological imaging, a great deal of work must be accomplished before we are 
likely to see the usage of plasmonic nanostructures used for both in vitro and in vivo systems. In 
terms of in vitro imaging, the concern for toxicity and the ultimate fate of the nanoparticle is not 
a hindrance; however, for in vivo systems, researchers have to complete additional work 
demonstrating that the long-term fate of nanoparticles and its interaction with the organs such as 
the liver and kidneys will not cause damage.17,18,21,24 Many of these problems apply to other 
types of nanomaterials such as quantum dots. Not only are semiconductor quantum dots 
composed of hazardous heavy metals but they also are so small that they have generally been 
regarded as being toxic to many biological systems. Nonetheless, the effects of gold 
nanoparticles in biological systems is not limited to toxicity but also physiological processes 
such as cell metabolism.89  
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 SERS has found extensive usage in chemical sensing. Researchers have used SERS to 
investigate the pigments and structure of paintings using nondestructive SERS probes to gain 
historical insight.90 A technique called shell-isolated nanoparticle-enhanced Raman spectroscopy  
(SHINERS)91 was developed to demonstrate the ability of SERS to detect pesticides on fruit. 
Multilayered structures consisting of metal-dielectric layers have also been developed and shown 
to yield excellent sensitivities.41,92 Year after year researchers continually refine the wet chemical 
synthesis and self-assembly of nanostructures such that improved chemical sensing is possible. 
For example, highly symmetric gold nanostars were demonstrated to have a consistent number of 
peaks and edge lengths.93 In terms of self-assembly, researchers have demonstrated up to 
millimeter scale superlattices produced from aqueous solutions of nanoparticles.94 
 In order to better design SERS nanostructures, researchers have been trying to accurately 
model the optical properties of nanogap structures using nonlocal dielectric functions. Nonlocal 
dielectric functions are spatially varying functions that attempt to take into account effects such 
as quantum tunneling that could occur in nanostructures that have fused or are separated by a 
small distance.95–98 Taking into account nonlinear effects in plasmonic nanostructures remains a 
challenging prospect, however. Many of these challenges arise from our treatment of 
nanostructures as classical or semi-classical entities using electrodynamic theory. To properly 
model these nanostructures, one must consider the quantum mechanics and use numerical 
techniques such as density functional theory.39,99  
  Ultimately, the promise of gold nanoparticles, plasmonics, and highly sensitive chemical 
sensing using SERS is promising but there remains a great deal of work from both the materials, 
optical, and chemistry side as well as biological concerns that all need to be addressed before 
nanoparticles will fully develop for commercial or medical usage.  
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1.10 Dissertation overview 
 In this dissertation, the rational design, synthesis, characterization, and application of 
SERS nanoparticles to biological imaging and chemical sensing will be discussed. SERS is an 
extremely popular and multidisciplinary field because of its potential as an emerging analytical 
technique for highly sensitive molecular detection. Scientists, engineers, and physicians have all 
worked on a wide variety of topics that fundamentally harness the surface-enhancement effect. 
This dissertation highlights many of the multidisciplinary aspects of SERS by combining 
computation, experimental design, nanomaterial synthesis, and spectroscopic imaging. As 
already discussed, Chapter 1 is a brief overview of the current state of the art in the field and 
contains background theory about the origins of SERS and plasmonic nanoparticles. 
 In Chapter 2, we will discuss a computational study investigating the optical properties of 
silver nanowires coated with varying degrees of silica. We found that patchy silica versus a 
uniform layer of silica can significantly alter the far-field and near-field optical properties of 
nanowires. Two main contributors to this effect are distortion of the localized electric field as a 
result of a change in the dielectric medium surrounding the nanowire and the relative positioning 
of the grown silica. There remain numerous challenges to precise positioning of silica clusters on 
the surface of nanowires; however, it has been previously experimentally shown that it is 
possible to grow a patchy layer of silica rather than a uniform layer in the solution phase.  
 Chapter 3 describes a crucial study in the stability of optical probes. For the first time, we 
investigated the stability of electrostatically bound Raman-active reporter molecules for colloidal 
solutions of nanoparticles encapsulated in polyelectrolyte layers. A combined electromagnetic 
and diffusion model was designed to explain the observation of loss of signal over a period of 
approximately one month. This study illustrates the importance of characterizing the long-term 
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stability of optical probes. Especially for in vivo studies, the stability of the Raman-active 
reporter molecules is essential; loss of signal could be misinterpreted as a loss of nanoparticles 
whereas, in this case, the nanoparticles are simply losing the Raman-active reporter molecules to 
diffusion. Alternative encapsulation methods are discussed and demonstrated to yield significant 
improvements in stability.  
 Chapter 4 is a similar study that investigates the preparation and kinetics of ligand 
exchange on the surface of gold nanoparticles. To date, few investigators have studied the 
kinetics of ligand exchange on the surface of gold nanoparticles, opting instead to study the 
kinetics and surface characterization of macroscopic substrates. In this chapter, we demonstrate 
that the ligand exchange kinetics of aromatic molecules with thiolated functional groups follow a 
first-order Langmuir adsorption model. Furthermore, the time-dependent spectral features of our 
colloidal samples provide an ensemble-averaged view of the structural and binding properties of 
the exchanged molecules. We also argue, in the case of certain ligands, that is it possible to 
simultaneously monitor the desorption and adsorption of the exchanging ligands. Overall, this 
study provides a broad overview of how to quickly manufacture and characterize the surface 
chemistry of optical probes.  
 Chapter 5 discusses the characterization of peptide-conjugated gold nanoparticles used to 
target and image the nucleus of cultured breast cells. Raman and infrared microspectroscopy 
were used to image the samples. The SERS enhancement of these nanoparticles was quite strong 
and made it easy to image them. The IR spectra of the nanoparticles was heavily obscured by the 
biological chemical signature of the cells such that is was not possible to directly localize these 
nanoparticles after they had been endocytosed and collected near the nucleus. The surface 
chemistry of the nanoparticles was also characterized to confirm the presence of the conjugated 
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peptide and other surface ligands. Numerical simulations in the mid-infrared were performed to 
further understand light interaction of small probes.  
 Chapter 6 is a theoretical investigation of substrate in the mid-infrared. Originating from 
the experimental study in Chapter 5, we sought to better understand how reflective substrates 
could influence the resulting mid-infrared spectra. Our simulated results indicate that there are 
significant spectral differences under certain illumination conditions for gold-coated and low-
emissivity glass substrates. Using a theoretical absorber consisting of a series of Lorentzian 
bands, we show that the absorber thickness, angle of incidence, and type of reflective substrate 
can all influence the simulated data.  
 Chapter 7 demonstrates nanoarea electron diffraction of core-shell Au@Ag nanorods. 
Using both nanoarea electron diffraction and high angle aperture dark-field scanning 
transmission electron microscopy (HAADF-STEM), we demonstrate that certain long-aspect 
ratio gold nanorods have internalized twisting and bending. This bending effect is observed as 
diffraction spot splitting. Interestingly, we observed that the growth of a silver shell on gold 
nanorods relieves the internal bending and results in relatively sharp facets. This chapter 
demonstrates the importance of nanoarea electron diffraction as a structural characterization tool 
for nanostructures.  
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CHAPTER 2 
 
COMPUTATIONAL STUDY OF THE SURFACE-ENHANCED RAMAN SCATTERING 
FROM SILICA-COATED SILVER NANOWIRES 
2.1 Introduction 
 
 Inelastic light scattering, or Raman scattering, from molecules is an exceedingly rare 
process with cross sections on the order of  10-30 cm2/molecule, roughly 14 orders of magnitude 
smaller than that of fluorescence.1 Historically, Raman scattering’s inherently weak cross 
sections limited its usage as an analytical technique due to the exceptionally weak signal. A 
major effort to enhance the signal first presented itself in 1974 when researchers inadvertently 
discovered a phenomenon now called surface-enhanced Raman scattering (SERS). The 
researchers discovered that when pyridine molecules were adsorbed to roughened silver 
electrodes its Raman signal mysteriously increased.2  It was later determined that the nanoscale 
features present on roughened noble metal surfaces support the propagation of surface plasmon 
polaritons and can subsequently enhance the Raman scattering cross section of nearby 
molecules.3 In 1997, two reports of single-molecule sensitivities using SERS were published.1,4 
In both cases, molecules were placed in the rough crevices between silver nanoparticles, 
resulting in extraordinarily high enhancement. The past decade has seen an exponential growth 
of publications discussing both the fundamental aspects of SERS and numerous, innovative 
methods for chemical and biological sensing.5 
 Surface enhancement occurs when molecules are placed near the surface of 
plasmonically active nanostructures. Noble metals (typically gold or silver) exhibit a localized  
Reproduced with permission from DeVetter, B. M.; Bhargava, R.; Murphy, C. J. Computational Study of the 
Surface-Enhanced Raman Scattering from Silica-Coated Silver Nanowires. Photochem. Photobiol., 2014, 90, 415-
418. Copyright 2014 John Wiley & Sons.  
38 
 
surface plasmon resonance (LSPR), in the visible portion of the electromagnetic spectrum, when 
excited with light. The LSPR is a coherent oscillation of conduction band electrons that 
generates an evanescent electric field near the nanostructure’s surface. Noble metals have optical 
properties that satisfy the resonance conditions necessary to support an LSPR. Specifically, the 
resonance conditions require that the complex permittivity ( i      ) of the material have 
minimal loses ( 0  ) and a negative real component (   < 0).6 Within the last decade or so, the 
wet chemical synthesis of plasmonic nanostructures has improved such that the community is 
now able to reliably and routinely synthesize nanostructures with tunable LSPR maxima such as 
nanorods7 and nanowires,8 among others.9   
 The rational design of SERS nanostructures requires consideration of the mechanisms 
that lead to surface-enhancement of the Raman scattering cross sections of analyte molecules. 
Researchers have established two primary mechanisms for explaining enhancement in SERS. 
The first and by far more dominant mechanism is called electromagnetic enhancement (EE). EE 
originates from the evanescent fields surrounding oscillating or propagating surface plasmons 
and is tunable by changing parameters such as the composition, geometry, or roughness of the 
nanostructure. The second, and minor, mechanism is called chemical enhancement (CE) and is 
likely due to a combination of energy transfer and resonance between the plasmonic surface and 
analyte molecules.10 Due to the dominant magnitude of EE as well as difficulty in understanding 
and modeling CE, theoretical reports investigating the maximization of enhancement neglect CE 
and focus on EE. EE may be modeled via electromagnetic simulation tools and can be combined 
with optimization algorithms to rationally design optimal nanostructures.11 Additional effort is 
being placed on modeling nanostructures by combining electromagnetic and quantum effects.12 
The EE factor, G, is mathematically related to the local electric field:  
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G = |Eloc()|2|Eloc( - δ)|2, where  is the excitation frequency and δ is the Stokes shifted 
frequency that is dependent on the vibrational frequencies of the analyte. In general, the Stokes 
shift of interest is minimal such that a good approximation can be made to state that SERS is 
dependent on the fourth power of the local field: G ൎ |Eloc()|4.  
 Plasmonic nanoparticles are typically treated analytically within the quasi-static 
approximation. The quasi-static approximation assumes the incident electric field over the entire 
nanoparticle is constant; this implies that the nanoparticle and surrounding media with electric 
potential   may be described via Laplace’s equation ( 2 0   ), making the mathematics 
straightforward and computationally inexpensive. The analytical form of the quasi-static 
approximation, however, is limited to simple geometries (spheres, ellipsoids). Nanowires cannot 
be accurately described with the quasi-static approximation because the dimensions of the 
nanowire are on the same order of magnitude or even larger than the illumination source. Rather 
than trying to model the field distributions of nanowires analytically, researchers use 
computational electromagnetic techniques to visualize and understand the fields surrounding 
them. Techniques such as the finite difference time domain (FDTD) method,13 the finite element 
method (FEM),14 T-matrix,15 and the boundary element method (BEM)16 have been applied to 
nanoplasmonic structures. Here, we choose to use a commercial FEM software package, 
COMSOL Multiphysics, to model the EE and field distribution of silver nanowires. FEM’s 
particular advantage is that it is able to accurately solve for the local electric field near the 
surface of the metal due to its inherent non-cubic mesh grid.14 Furthermore, COMSOL’s ability 
to solve for field distributions in three dimensions allows for us to accurately model anisotropic 
nanostructures.  
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 Anisotropic nanostructures such as nanorods and nanowires consisting of gold or silver 
yield higher SERS intensities than equivalent surface area spherical nanoparticles. The usual 
explanation for this is that areas of increased radii of curvature induce “hot-spots” of electric 
fields at their tips by concentrating the optical fields through what is called the “lightning rod” 
effect of SERS.17 Molecules placed at areas of concentrated fields will be greatly enhanced 
through the EE mechanism. Our previous experimental results indicated that colloidal patchy 
silica silver nanowires yield a higher SERS intensity than fully coated or uncoated silver 
nanowires.18 We examine this unusual result via electromagnetic modeling in order to learn if the 
junction between a metal and a dielectric like silica can provide an unexpected type of SERS hot-
spot. 
2.2 Results and discussion 
 
 All simulations were performed using a commercial finite element method (FEM) 
software package, COMSOL Multiphysics v4.3a. The three-dimensional scattering domain 
consisted of a cylindrical scattering boundary condition surrounding the scatterer. Optical 
constants were obtained from Johnson and Christy19 and used without any phenomenological 
corrections. The nanowire is assumed to be cylindrical with hemispherical end-caps having a 
total length ℓ and diameter d.  Nanowire dimensions and silica coatings configurations were 
based on our previous experimental work.18 We assume a nanowire of diameter 30 nm and 
varying lengths (200 nm, 500 nm, and 1000 nm), following typical parameters from the previous 
study. The scatterer is assumed to be submerged in pure water (n = 1.33 + 0i). Furthermore, the 
silver nanowire was illuminated with a uniform plane wave (633 nm) and polarized to excite the 
longitudinal LSPR, unless specified otherwise. Silica beads were created through the geometric 
intersection of perpendicular silica spheres (of diameter 30 nm) placed 15 nm from the nanowire 
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surface.  Furthermore, the silica material was modeled with a relative permittivity of  = 4.5 + 0i. 
Mesh density was adjusted for each individual scatterer and refined until a convergent solution 
was obtained.  
 
Figure 2.1. Finite element method (FEM) simulation of incident light ( = 633 nm) on a silver 
nanowire (ℓ = 500 nm, d = 30 nm) suspended in water (n = 1.33). (a) Plane wave light polarized 
such that the longitudinal mode is excited and (b) transverse mode excited. 
  
 Unlike nanorods and nanoparticles, nanowires exhibit higher-order modes due to their 
relatively significant dimensions with respect to the illumination wavelength. Figure 2.1 shows 
the local field intensity (|Eloc|2) of a silver nanowire (ℓ = 500 nm, d = 30 nm) illuminated with a 
plane wave. As shown, the longitudinal surface plasmon resonance excites multiple modes along 
the entire length of the nanowire. As the dimensions of the nanowire increases, higher-order 
modes become more prevalent and the nanowire begins to lose some of its plasmonic activity 
along the longitudinal axis. The following results assume a longitudinal excitation as a limiting 
case due to the relative strength of the longitudinal versus transverse modes.  
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Figure 2.2. Schematic representation of the investigated silver nanowire configurations.  
(a) uncoated silver, (b) completely formation of silica coating a silver nanowire, (c) sparsely 
coated silver nanowire, (d) densely coated silver nanowire. All silica spheres were modeled with 
a radius of 15 nm and (e) absorption cross section Cabs of each configuration (ℓ = 200 nm,  
d = 30 nm) under longitudinally polarized light near the excitation wavelength; solid line (black) 
– uncoated silver; dash-dotted line (green) – sparsely coated silver; dotted line (blue) – densely 
coated silver; dashed line (red) – completely coated silver. 
 
  
 To study the effect of patchy silica-coated silver nanowires, we considered four different 
configurations of silica coatings, as shown in Figure 2.2. The investigated dimensions and 
configurations were based on our previous experimental work.18 Silica coating is typically 
performed through the addition of a silane such as 3-mercaptopropyltrimethoxysilane (MPTMS) 
to an aqueous suspension of nanowires. As a result of thiol’s strong affinity to metals, silver 
thiolate bonds will form on the surface of the nanowire. Nanometer-scale thick silica is grown 
through the addition of sodium silicate. As we have previously discussed,18 thiolated Raman-
active molecules compete with MPTMS for the silver surface and can result in patchy silica 
coatings if low concentrations of sodium silicate are added. Our simulation assumes that the 
thiolated molecules are immediately adjacent to the metallic surface. Additionally, we assume 
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that aggregates and metallic hot-spots are negligible or non-existent. For experimental studies, 
aggregates in solution can lead unreliable results because the signal intensity is heavily 
dependent on the positioning of the analyte molecule as well as the distance between metal 
surfaces. Aggregates concentrate the local electric field by several orders of magnitude but we 
currently lack the precision to reliably fabricate sub-nanometer features in wet chemistry. A 
framework for understanding signals recorded from suspensions of particles, using an effective 
medium theory, is then available to extrapolate results from single nanowires to ensemble 
measurements.20,21 
Table 2.1.  Simulation results of two different aspect ratios of patchy silica silver nanowires. A 
factor ૆ characterizes the predicted relative enhancement.   
 
Length (d)  Diameter (h)  Configuration ૆
200 nm 30 nm Uncoated 7.54 
Complete 29.2 
Sparse 9.65 
Dense 15.8 
 
1000 nm 30 nm Uncoated 5.98 
Complete 6.09 
Sparse 4.61 
Dense 9.23 
 
 To evaluate the differences in electromagnetic enhancement of the four configurations of 
silica-coated silver nanowires, we define a relative enhancement factor: 
4
loc dS
dS
   
E
, where 
integration is evaluated over the entire silver nanowire surface. Two cases are considered; the 
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first is a silver nanowire of diameter d = 30 nm and length ℓ = 200 nm; the second is a silver 
nanowire of diameter d = 30 nm and length ℓ = 1000 nm (Table 2.1). In both cases, 30 nm 
diameter silica beads coat the silver nanowire for the sparse and dense configurations (see Figure 
2.2). The fully coated silver nanowire has a 5 nm thick silica coating completely surrounding it.  
The finite element method was used to model the extinction of the varying configurations 
of silica-coated silver nanowires. The absorption and extinction cross sections are expressed as 
the following:22 
  2 2 3abs Im ( )C k n d r   E r  (2.1) 
  2 * 3ext incIm ( 1) ( ) ( )dC k n r      E r E r   (2.2) 
In this case, k corresponds to the wavevector, ෤݊ is a ratio between the frequency-dependent index 
of refraction of silver and the index of refraction of water (
2Ag H 0
( ) /n n n   ). The incident 
electric field Einc is assumed to be a time harmonic plane wave. Sub-micron and nanoscale silver 
scatterers can exhibit multiple resonances in the ultraviolet-visible spectrum; therefore, we focus 
on the shift in the localized surface plasmon resonance nearest the laser excitation wavelength 
(633 nm).  
In case 1 (ℓ = 200 nm) we find that complete silica coverage of the nanowire results in 
the highest predicted enhancement with a nearly 4× higher ξ-factor than an uncoated silver 
nanowire. In contrast, case 2 (ℓ = 1000 nm) indicates that a densely coated silica nanowire will 
yield a higher ξ-factor, but only with an increase of ~1.5× compared to uncoated silver 
nanowires. Case 2 has less dramatic changes in enhancement, possibly because the plasmonic 
activity for longer nanowires is weaker. Varying degrees of silica will red-shift the LSPR 
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because the local dielectric environment around the nanowire changes. In case 2, further, the 
LSPR is far away enough from the excitation wavelength that small changes in the optical 
properties of the nanowire do not significantly impact the enhancement.  
Figure 2.3. Local electric field intensities of silver nanowires (ℓ = 500 nm, d = 30 nm) 
demonstrating the distortion of the electric field. (a) Uncoated ξ = 21.8, (b) four silica beads 
placed at the electric field minima ξ = 21.7, (c) four silica beads placed at center maxima  
ξ = 0.55, (d) 5 nm thick silica surrounding the entire nanowire ξ = 6.93, and (e) absorption cross-
section Cabs of configuration (b) – solid line and (c) – dashed line.  
 
 A non-uniform silica coating distorts the electric field around the nanowire surface and 
modifies the relative enhancement. As shown in Figure 2.3, several configurations of silica 
coatings were investigated for a 500 nm long silver nanowire. An uncoated silver nanowire is 
depicted in Figure 2.3(a) with an enhancement ξ = 21.8. In Figure 2.3(b), four silica beads (with 
a diameter of 30 nm) were placed at electric field minima and have a negligible effect on 
enhancement. Conversely, in Figure 2.3(c) the silica beads were placed at electric field maxima 
and heavily distort the electric field at the surface, reducing the enhancement to ξ = 0.55, nearly 
40× less than that of uncoated silver. The shift in LSPR as a function of the location of silica 
beads in Figure 2.3(b) and 2.3(c) was calculated to be ~10 nm. In Figure 2.3(d) complete surface 
coverage of 5 nm thick silica is shown to partially distort the surface field. These results are in 
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agreement with the work of Mahmoud and coworkers23 who found that silver nanocubes are 
sensitive to anisotropic changes in the surrounding dielectric medium. In this respect, patchy 
silica-coated silver nanowires are predicted to have differences in enhancement as compared to 
uncoated or fully coated nanostructures. The positions of the silica patches are shown to be 
crucial for changes in enhancement and understanding these is essential to understanding 
whether patchy silica coatings can enhance or reduce the capability of coated nanowire sensors. 
The results also provide impetus for new synthesis schemes to obtain designed composites at the 
nanoscale. 
2.3 Conclusion 
 In this chapter we investigated the electromagnetic enhancement of silica coated silver 
nanowires using the finite element method. Computational techniques elucidate the properties of 
plasmonic nanostructures without the need for developing complex analytic solutions that are 
limited to specific geometries or materials properties and dimensions. Our results indicate shorter 
aspect ratio silver nanowires are more likely to be affected by differences in silica coating. We 
attribute this observation to the relative position of the longitudinal LSPR with respect to the 
laser excitation wavelength as well as the increased plasmonic activity of shorter aspect ratio 
nanowires. Additionally, silica on the surface of the nanowire can distort the local electric field, 
which is strongly dependent on the position of the silica coating. In this sense, silica coating has 
some limited ability enhance sensing by modifying electric fields, but will require the 
development of precise and controlled synthesis schemes to realize the advantages of patchy 
nanowires. With the appropriate consideration of the LSPR and silica configuration it may be 
possible to engineer nanowires with higher enhancements for SERS applications.  
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CHAPTER 3 
 
OBSERVATION OF MOLECULAR DIFFUSION IN POLYELECTROLYTE-
WRAPPED SURFACE-ENHANCED RAMAN SCATTERING NANOPROBES 
3.1 Introduction 
 
Chemical sensing using surface-enhanced Raman spectroscopy (SERS) has recently 
exploded in popularity as wet chemical nanosynthesis techniques, especially related to surface 
control, have evolved.1–3 A technique called layer-by-layer (LbL) polyelectrolyte wrapping has 
been used in recent years for a diverse set of surface control applications ranging from drug 
delivery,4 biomimetic sensors,5 and biofilms for medical implants.6 LbL offers multiple 
advantages in terms of practical sensing including facile, precise, and robust control over 
nanoparticle surface chemistry. With LbL, it is straightforward to modify the surface chemistry 
and charge of hydrophilic nanoparticles with the incubation of polyelectrolyte containing 
solutions with minimal preparation.7 Nanoparticles are easily functionalized with reactive 
moieties and reacted with biomolecules or fluorescent tags for sensing applications. 
Additionally, LbL-wrapped nanoparticles resist aggregation in both polar and non-polar solvents 
through steric effects, making them a valuable tool for improving colloidal nanoparticle 
stability.8 LbL-wrapping is a major advance in terms of nanomaterial surface control and will 
continue to be an important tool for biological sensing due to the chemical and optical 
complexity of the tissue microenvironment.  
The incorporation of specific optical reporter molecules into plasmonic nanostructures is 
necessary to accomplish SERS sensing. Optical reporter molecules typically consist of 
 
 
Reproduced with permission from DeVetter, B. M.; Sivapalan S. T.; Patel D. D; Schulmerich, M. V.; Murphy, C. J.; 
Bhargava, R. Observation of Molecular Diffusion in Polyelectrolyte-Wrapped SERS Nanoprobes. Langmuir, 2014, 
30, 8931-8937. Copyright 2014 American Chemical Society. 
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fluorophores or other heavily conjugated molecules with delocalized π-electrons electrostatically 
bound near the nanoparticle surface. Encapsulation of reporter molecules is necessary upon 
exposure to harsh ionic environments or biological systems where the molecules are likely to 
leach into the environment. Currently, a variety of techniques are employed for this purpose. The 
most popular technique involves the encapsulation of Raman-active molecules into silica layers 
grown around metallic nanoparticles. This process is based off the Stöber method in which silica 
is formed via the condensation of tetraethyl orthosilicate (TEOS) or sodium silicate onto a 
nanoparticle surface bearing poly(ethylene glycol) (PEG) or silane ligands.9,10 While silica is 
effective at molecular encapsulation, its growth is prone to variability, requires organic solvents, 
and is time consuming. Furthermore, it is difficult to spatially localize vitrified molecules with 
respect to their distance from the metallic surface, which is a critical factor in determining SERS 
activity.  
LbL encapsulation of reporter molecules is an emerging technique that addresses many 
crucial aspects in the design of SERS nanoprobes. In this technique, reporter molecules are 
electrostatically bound to an oppositely charged polyelectrolyte wrapped around the nanoparticle 
surface. After a short incubation period, additional layers of polyelectrolyte may be wrapped 
around the nanoparticle, effectively trapping the reporter molecule in a soft template of polymer. 
LbL-wrapping, in contrast to silica coating, is straightforward, reproducible, and requires 
minimal characterization during the wrapping stages. Design flexibility involving factors such as 
porosity, coating density, and conformation of the bound polyelectrolyte are possible through 
tuning the pH, salt concentration, molecular weight of the polyelectrolyte, and electrolytic 
strength. Furthermore, each polyelectrolyte multilayer adds an additional thickness of ~1.5 nm, 
from which it is possible to approximately localize the trapped molecules.7 We have previously 
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demonstrated this technique,11,12 illustrating its robustness as a preparation method for SERS 
nanoprobes.  
 In this chapter, we investigated the long-term storage and stability of SERS nanoprobes 
in the form of polyelectrolyte-wrapped gold nanoparticles. Predicting and understanding the 
SERS signal intensity over long periods of time under a variety of environmental conditions is 
essential for the design of SERS nanoprobes intended for biological sensing applications. 
Numerous reports investigating the formation and control over layer deposition of 
polyelectrolyte multilayers have yet to explore the signal stability of polyelectrolyte encapsulated 
reporter molecules. Unlike drug delivery studies with intentionally porous or degradable films, 
SERS nanoprobes are designed to maintain their structure and chemical signature over an 
indefinite period of time without noticeable signal loss. We maximized the reproducibility of our 
measurements and mimicked the optical environmental conditions of a tissue-based 
measurement by performing all Raman measurements in-suspension with near-infrared laser 
excitation. Near-IR excitation exploits the so-called “optical window” (600 – 1000 nm) where 
tissue absorbs less light, increasing penetration depth.13,14 Suspension-based measurements 
within a finite path length cuvette ensured proper accounting for the anticipated optical effects 
between SERS and light extinction in tissue measurements.11,15 Nanoprobe stability was 
investigated by storing aliquoted samples at 4 °C, room temperature, and physiological 
temperature (37 °C) for a period of 5 weeks. SERS measurements were performed periodically 
during this period to assess changes in signal. To further investigate the stability and lifetime of 
our nanoprobes, we also studied chemically cross-linked polyelectrolyte layers and thiolated 
molecules. 
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3.2 Experimental 
 
Materials. Cetyltrimethylammonium bromide (CTAB, > 99%), sodium borohydride (NaBH4,  
> 99.99%), ~15,000 g/mol poly(acrylic acid, sodium salt) (PAA), ~15,000 g/mol poly(allylamine 
hydrochloride) (PAH), 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB, > 98%), ascorbic acid  
(> 99%), 5,000 g/mol methyl ether poly(ethylene glycol) thiol (mPEG-SH), glutaraldehyde  
(EM grade 8% in H2O), bovine serum albumin (BSA, > 96%), and methylene blue (MB, > 82%) 
were purchased from Sigma-Aldrich and used without further purification. All glassware was 
cleaned with aqua regia (3:1 HCl:HNO3) and rinsed multiple times with 18 M -cm water.  
Characterization. Holey carbon transmission electron micrograph (TEM) sample grids were 
purchased from Pacific Grid-Tech. Samples were prepared by drying 10 L of solution onto each 
grid. The size distribution was verified by examining at least 100 particles per grid using ImageJ 
analysis software. -potential measurements were performed on a Brookhaven ZetaPALS 
instrument. Electronic absorption spectra were recorded with a GE GeneQuant 1300 
spectrophotometer. Centrifugation was performed using a Thermo Scientific Sorvall Legend X1 
centrifuge with a swinging bucket configuration.  
Raman measurements. Raman spectra were measured using a Horiba LabRAM Confocal 
Raman microscope with the laser line configured to an excitation wavelength of 785 nm. All 
measurements were performed with a 1 cm path length quartz cuvette and an incident power of 
~14 mW in a reflection collection geometry. Integration time was varied between 10 and  
20 seconds, depending on the concentration of individual nanoparticle solutions, with a spectral 
resolution of 10 cm-1. Samples were stored at 4 °C, room temperature (~22 °C), or 37 °C. All 
samples were allowed to equilibrate to room temperature before Raman measurements were 
performed. 
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Nanosphere synthesis. Gold nanospheres were first prepared by synthesizing seed using a 
modified protocol intended for nanocube synthesis.16 Under vigorous magnetic stirring  
0.25 mL HAuCl4 (0.01 M) and 7.5 mL CTAB (0.1 M) were mixed. To this solution, freshly 
prepared, ice-cold 0.6 mL (0.01 M) NaBH4 was added. The solution immediately turned from 
yellow to light brown. The seed was kept at room temperature for a minimum of one hour to 
fully hydrolyze any remaining NaBH4. Gold nanospheres were synthesized in 40 mL batches 
consisting of 6.4 mL CTAB (0.1 M), 0.8 mL HAuCl4 (0.01 M), and 32 mL of H2O. To this 
solution, 3.8 mL of ascorbic acid (0.1 M) was added and turned the solution colorless. The seed 
was diluted 2× and 20 L was added. The solution slowly turned pink and after 30 minutes 
turned red. Centrifugation was performed twice at 5,000 × g for 60 minutes to remove excess 
surfactant.  
Polyelectrolyte wrapping of gold nanospheres. Aqueous stock solutions of PAA and PAH 
were prepared at a concentration of 10 mg/mL (containing 1 mM NaCl). To 30 mL of gold 
nanospheres, at the as-synthesized concentration, 6 mL of PAA or PAH stock were added along 
with 3 mL of 10 mM NaCl. To the first layer of PAA, 500 L of 1 mM methylene blue 
(dissolved in methanol) was added and allowed to complex for 1 hour. After each step, the 
nanoparticle solutions were centrifuged at 3,000 × g for 1 hour to remove excess reagents. The 
BSA layer was formed by adding 500 L of 1 wt. % BSA to the suspension and allowing it to 
react for 2 hours at room temperature. This corresponds to a ~2000× molar excess of BSA to 
nanoparticles. Immediately afterwards, the solution was dialyzed in 4 L of water with a  
100,000 g/mol membrane for 48 hours. The water was changed multiple times to ensure 
complete removal of unbound reagents. A highly concentrated stock solution was made such that 
aliquots were taken and diluted into the appropriate buffer for each experiment. PAA and PAH 
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layers have weak Raman scattering cross sections as compared to methylene blue. All samples 
were stored in 15 mL polypropylene conical tubes pre-treated with 1 wt. % BSA solution to 
minimize sticking of nanoparticles to the tube. Measurements were performed in triplicate and 
each solution was adjusted to a concentration of 0.15 nM.  
Thiol coating of gold nanospheres. To 40 mL of as-synthesized gold nanospheres, 5 mL of  
1 mM mPEG-SH was added dropwise and under sonication. Immediately following mPEG-SH 
addition 2 mL of 1 mM DTNB was added. Note that the DTNB was adjusted to a pH 7 – 7.4 to 
facilitate water solubility. The solution was allowed to complex overnight and then centrifuged at 
4,200 × g for 1 hour. The supernatant was discarded and the pellet was re-suspended to 3 mL and 
500 L of 1 wt. % BSA was added. Dialysis with a 100,000 g/mol membrane was performed in 
4 L of water over 48 hours.  
PAH crosslinking. Twice purified gold nanospheres were diluted to a volume of 30 mL. To 
fabricate the core-shell structure, 6 mL of PAA solution was added along with 3 mL of  
10 mM NaCl and allowed to sit for 1 hour. The solution was then centrifuged at 4,800 × g for  
1 hour. Following purification of PAA, 1 mL of 750 M of methylene blue (in methanol) was 
added. After 1 hour, the solution was centrifuged at 4,800 × g for 1 hour to remove excess dye. 
The solution was suspended in 30 mL of H2O and 6 mL of PAH stock was added with 3 mL of  
10 mM NaCl. Finally the solution was centrifuged again at 4,000 × g for 1 hour and re-
suspended in H2O to obtain an optical density of 4. A solution consisting of 1 mL of  
8% glutaraldehyde was added and allowed to react for 2 hours at 4 °C. Purification was 
performed against a 3,500 g/mol dialysis membrane for 48 hours in 4 L of water to remove 
excess reagents. Raman measurements were performed on aliquots of this solution at a 
concentration of 0.25 nM.  
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Finite element method calculations. Finite element method calculations were performed using 
COMSOL Multiphysics v4.3b with the RF and Chemical Reaction Engineering modules. 
Diffusion of methylene blue through polyelectrolyte layers was modeled with an impermeable 
boundary around a gold core of diameter 40 nm. A spherical shell 5 nm thick coated the gold 
core to represent the CTAB and PAA layer. Methylene blue was assumed to have a 2 nm thick 
layer with a uniform distribution equating to 3000 molecules based off our previously 
experimental work.12 A 5 nm shell surrounded the methylene blue layer to account for the 
PAA/PAH/BSA layers.  
3.3 Results and discussion 
 
 
 
Figure 3.1. (a) Schematic of prepared gold nanospheres with alternating layers of PAA (light 
blue shell), PAH (red shell), and methylene blue (blue stars). To prevent aggregation in highly 
ionic solutions, BSA (purple circles) was bound to the outer layer. (b) Transmission electron 
micrograph of gold nanospheres. Scale bar: 50 nm. (c) Representative -potential for each 
surface coating in the synthesis. (d) Electronic absorption spectra of CTAB-stabilized gold 
nanospheres (dotted line) compared to polyelectrolyte-wrapped nanospheres (solid line). 
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 SERS nanoprobes were fabricated by wrapping alternating layers of weakly anionic 
poly(acrylic acid, sodium salt) (PAA) and cationic poly(allylamine hydrochloride) (PAH) around 
gold nanospheres stabilized with cetyltrimethylammonium bromide (CTAB) surfactant. As 
shown in Figure 3.1(a), cationic optical reporter molecules (methylene blue) were encapsulated 
electrostatically between the first layer of PAA and subsequent layers of polyelectrolyte and 
bovine serum albumin (BSA). Protein-induced flocculation was prevented by wrapping a final 
layer of PAA around the nanostructure before the addition of BSA. Bioconjugation studies 
typically use BSA to quench excess reactive sites on antibody-conjugated nanoparticles as well 
as to prevent non-specific binding to “sticky” cell receptors in vitro. Here, BSA serves dual 
purposes. First, BSA stabilizes nanoparticles in highly ionic solutions such as phosphate buffered 
saline, which is a common buffer used in cell culture and mimics the environment found in 
tissue. Second, all nanoparticles exposed to whole blood or serum will immediately develop a 
protein corona in which proteins dynamically associate and dissociate from the surface. 
Researchers continue to intensely study the effects of the protein corona both in vitro and in vivo 
as it can have significant unavoidable consequences on biocompatibility, renal clearance, and 
targeting capabilities.17 The synthesized nanostructures were characterized with transmission 
electron microscopy (TEM) and -potential. At room temperature all samples displayed stable 
electronic absorption spectra for > 5 weeks. This robust method provides some design guidance 
in terms of the spatial localization of the reporter molecules. We anticipate that the reporter 
molecules will be located approximately 4 nm from the metallic surface.7  
 Quantification of surface-enhancement is often a source of confusion and contention. A 
major source of contention originates from the mechanism of surface-enhancement itself. 
Molecules obeying Raman selection rules exhibit enhancement through a combination of the 
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Figure 3.2. Spontaneous Raman calibration curve of aqueous methylene blue from 5 – 80 M. 
The equation of the line was determined through linear regression to be: y = 26.5x + 2730. 
 
commonly attributed chemical and electromagnetic enhancement effects of SERS. The 
electromagnetic enhancement effect is generally regarded as the dominant mechanism; although, 
this remains an active area of research.18,19 Quantification is further confused by the mechanics 
of calculating enhancement factors. Recently, Le Ru and Etchegoin discussed mathematical and 
interpretative errors made in the first two reports on single-molecule SERS where enhancement 
factors (EFs) of 1014 were reported.18 The propagation of these errors in comparison to 
fluorescence cross sections resulted in numerous subsequent reports claiming similar results. In 
many of these studies, the EF was empirically determined from the following equation:		
EF ൌ ே౎౗ౣ౗౤ூ౏ు౎౏ே౏ు౎౏ூ౎౗ౣ౗౤, where NRaman and IRaman are the number of molecules in the focal volume and 
its corresponding spontaneous Raman intensity. Likewise, NSERS and ISERS correspond to the 
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number of probed molecules bound to the nanoparticles and their corresponding SERS intensity. 
We approach the quantification of SERS enhancement in a slightly different manner.12 Aqueous 
MB standards were prepared ranging in concentration from 5 – 80 M. A linear calibration curve 
was developed, as shown in Figure 3.2. All data was quantified at the  (C-C) ring stretching 
vibration at 1616 cm-1.20 Based on the calibration curve and SERS intensity of each sample 
(normalized to incident laser power), an equivalent spontaneous Raman signal may be 
calculated. The Raman equivalent signal corresponds to the equivalent concentration of MB 
molecules required to produce the same spontaneous Raman signal intensity as the probed 
solution. With this technique no assumptions of molecular coverage are necessary.  
Figure 3.3. Above: SERS spectra of LbL-wrapped nanospheres; Day 1, black; Day 4, red; Day 
11, blue; Day 18, purple; Day 37, green. Samples were stored at (a) 22 °C, (b) 37 °C, and  
(c) 4 °C. Below: Predicted signal intensity (red line) and the experimental spontaneous Raman 
equivalent signal quantified at the 1616 cm-1 band. All samples were normalized to 0.15 nM. 
 
Using a spontaneous Raman quantification technique, we investigated the signal stability 
of the nanoprobes described in Figure 3.1a over the course of 5 weeks. Triplicate aliquots of 
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solutions were stored at room temperature (~22 °C), 37 °C, and 4 °C. As shown in Figure 3.3, 
the spectral features tend to change and decay as time progresses. Samples stored at 4 °C, while 
having the largest variation in signal, maintained their spectral shape better than samples stored 
at warmer temperatures. Intuitively, the diffusion of molecules through polyelectrolyte layers is 
expected to be linearly related to temperature, i.e., analogous to the Stokes-Einstein relationship. 
After 5 weeks of storage, several samples were centrifuged to concentrate the nanoparticles into 
pellets. We calculated that a 3 mL solution of 0.15 nM nanoparticles should release 
approximately 5 M of reporter molecules. The supernatant was extracted and we found that it 
did not contain a micromolar quantity of dye molecules, indicating that a fraction of the 
methylene blue molecules were trapped away from the metallic surface but not free in solution. 
To understand this process and determine if diffusion can be ascribed as a major cause of the loss 
of signal, we carried out modeling. The first part of our model involves the temporal prediction 
of the diffusion of the reporter molecules through the polyelectrolyte layers. The second part 
relates the concentration to the electromagnetic enhancement factor, thereby producing a total 
predicted intensity.  
Neglecting the effects of concentration due to the low loading and charge, diffusion 
through polyelectrolyte layers was assumed to be constant and modeled using Fick’s second law 
of diffusion, as shown in Figure 3.4:  
 
2
2
( , ) ( , )DC x t C x t
t x
     (3.1) 
where D is the diffusion coefficient and C is the concentration as a function of position, x, and 
time, t. Equation (3.1) was solved using the finite element method with an impermeable 
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boundary condition at the surface of the gold core, a uniform distribution of methylene blue, and 
an enforced concentration of zero at the edge of the BSA-water interface. The latter boundary 
 
Figure 3.4. (a) Concentration profile as a function of time with a diffusion coefficient of  
D = 10-18 cm2/s. (b) Calculated electromagnetic enhancement factor (EF) for a 40 nm gold 
nanosphere as a function of distance from the surface. Inset: Gold nanosphere illustrating a 
dipolar plasmon resonance. Scale bar: 20 nm. (c) Calculated profile of EF and concentration.  
(d) Predicted signal intensity S(t).  
 
condition is justified as diffusion within the solution would be much faster than diffusion in the 
polyelectrolyte layers. Mathematically, the boundary conditions may be stated as:  
 ( , ) 0,C x t
x
   0 nmx   (3.2) 
 0( , )C x t C ,    5 nm x   7 nm,    t  0  (3.3) 
 ( , ) 0C x t  ,    x  12 nm (3.4) 
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where C0 corresponds to the initial distribution of molecules uniformly positioned within a 2 nm 
thick layer. Furthermore, the model conserved flux across these three regions: 1 2C C
x x
    and 
32 CC
x x
    with a fixed coefficient 
1 2
2 3
0.9.C Ck
C C
    The diffusion coefficient was 
determined by simulating concentration versus time with a range of values from D = 10-16 to  
6 × 10-18 cm2/s, as shown in Figure 3.5. After an approximate match was identified, the simulated 
signal was compared to the experimental data to further optimize the result. We found that a 
diffusion coefficient of D = 10-18 cm2/s provided the most appropriate fit. It should be noted that 
the value of D is calculated under the assumption of specific boundary conditions, i.e., zero 
concentration at the particle boundary. It is likely that some methylene blue is trapped within the 
particle and at its surface, resulting in a smaller concentration gradient than the one assumed in 
our model that would lead to a lower value of D being estimated. Under these constraints, the 
value of D should be used to impute a loss of signal rather than a loss of concentration.  
 The second portion of our model incorporates the ability of a plasmonic nanoparticle to 
surface-enhance the chemical signature of nearby molecules from the metallic surface. For a 
spherical plasmonic nanosphere, a dipolar evanescent electric field is generated when illuminated 
with a plane wave. The local electric field Eloc dictates the degree of enhancement approximately 
by |Eloc|4. Under the assumption of a quasi-static electric field, a nanoparticle’s enhancement 
factor (EF) decays as EF ∝ 1/(a + d)12, where a is the radius of the nanoparticle and d is the 
distance of the molecule from the surface.21 Thus, the signal relies heavily on the 
position of the molecule. The product of enhancement and concentration is shown in  
Figure 3.4(c) as a function of time. The predicted signal, S(t), was calculated by the following: 
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 ( ) EF( ) ( , )dS t x C x t x    (3.5) 
Reporter molecules are predicted to diffuse both toward and away from the metallic core. As a 
result, signal intensity is bolstered by molecules diffusing closer to the nanoparticle surface. The 
 
Figure 3.5. Top: Calculated diffusion of methylene blue through polyelectrolyte layers with 
varying diffusion coefficients; black, D = 1 × 10-18 cm2/s; red, 3 × 10-18 cm2/s; blue, 6 × 10-18 
cm2/s; pink, 1.1 × 10-17 cm2/s; green, 1 × 10-16 cm2/s. Bottom: Modeled concentration profile of 
LbL-wrapped nanostructure (D = 1 × 10-18 cm2/s) with an impermeable boundary at the gold-
polyelectrolyte interface and an infinite sink at the BSA-water interface. In this initial model, 
flux was not conserved across the three regions (polyelectrolyte-MB, MB, MB-polyelectrolyte), 
resulting in a rapid decay in signal intensity. 
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diffusion coefficient was empirically determined from our data. In a previous study, Chung and 
Rubner experimentally determined the diffusion coefficient for methylene blue in alternating 
layers of PAA and PAH on substrates to be on the order of 10-14 – 10-16 cm2/s, depending on pH 
and buffer conditions.22 Klitzing and Möhwald recorded a diffusion coefficient on the order of 
10-15 cm2/s for the diffusion of rhodamine through polyelectrolyte films.23 In our case, the 
diffusion coefficient was smaller by two to three orders of magnitude. Numerous factors could 
contribute to the discrepancy including the presence of a negatively charged outer BSA layer, 
ionic strength, buffer conditions, or the binding affinity of polyelectrolyte layers around gold 
nanoparticles versus glass substrates. It should also be noted that there have been some reports 
describing the non-Fickian behavior of small molecule diffusion through polyelectrolytes as a 
result of swelling and electrostatic effects.24,25 
Typically, the design of SERS nanoprobes using encapsulation methods seek to minimize 
diffusion. While simple encapsulation in a multilayer system can be a facile route, it results in a 
limited shelf life due to these effects. Hence, we explored a strategy to reduce diffusion by 
gelling the outermost polymer layer and imparting much greater stability to the nanoprobe’s  
 
Figure 3.6. Methylene blue molecules were electrostatically encapsulated between PAA and 
PAH layers. Aliphatic amines from the PAH layer were chemically crosslinked and stored at  
4 °C to help prevent diffusion. (a) SERS spectra of glutaraldehyde crosslinked nanoparticles.  
Day 1, black; Day 6, red; Day 12, blue; Day 17, purple; Day 22, green; Day 31, grey.  
(b) Quantification of SERS intensity in terms of equivalent spontaneous Raman signal of 
methylene blue.  
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SERS intensity over long periods of time. 
 As shown in Figure 3.6, chemical crosslinking was investigated as a method for 
minimizing undesirable diffusion of optical reporter molecules. An amine reactive crosslinker 
(glutaraldehyde) was added in molar excess to a solution consisting of LbL-encapsulated 
nanostructures (PAA + MB + PAH). Glutaraldehyde crosslinked available aliphatic amines on 
the terminal PAH layer. We observed that after a 2 hour incubation period, LbL-glutaraldehyde 
nanoparticles were stable and did not show signs of aggregation as measured by electronic 
absorption spectroscopy. In Figure 3.6, we show that crosslinked nanoparticles are significantly 
less susceptible to diffusion-dominated signal loss. As described in Figure 3.7, crosslinked 
samples stored at 4 °C were more stable than samples stored at room temperature. 
 Crosslinking of the outer polyelectrolyte layer likely improves the outer shell stability of 
the nanoparticle and decreases pore size such that the reporter molecules do not as readily  
 
Figure 3.7. Spontaneous Raman equivalent signal of chemically crosslinked PAA+MB+PAH 
nanostructures stored at room temperature. Minimal loss of signal is observed over the storage 
period.  
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diffuse. DLS was used to verify the size distribution after multiple weeks of storage, as shown in 
Figure 3.8. The porosity and conformation of polyelectrolyte layers bound to gold nanoparticles 
is difficult to ascertain due to inherent variability in individual nanoparticles and the sheer  
 
Figure 3.8. Dynamic light scattering data (a) before and (b) after functionalization of gold 
nanospheres with a polyelectrolyte coating and BSA stored for a period of more than 5 weeks at 
room temperature.  (c) Dynamic light scattering results of glutaraldehyde crosslinked sample 
after > 5 weeks of storage at room temperature.  
 
quantity of particles in solution. To date, polyelectrolyte-based studies have focused on the 
characterization of polyelectrolyte multilayer thin films bound to substrates. Researchers have 
shown results demonstrating that changes in a solution’s pH can affect porosity. In fact, when 
washing with acidic solutions (pH = 2.4), the porosity of PAA/PAH films is greatly increased.26 
It has also been demonstrated that exposure of PAA/PAH films to pure water can increase the 
surface roughness of bound polyelectrolytes.27 By exploiting tunability in porosity, it may also 
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be possible to design versatile drug delivery systems. In addition to porosity, the diffusive 
properties of polyelectrolyte-wrapped nanoparticles has led to their use as drug delivery 
platforms,4,25 where control of the diffusion of small molecules is desirable. Our experimental 
and theoretical results indicate diffusive-like behavior in polyelectrolyte multilayers, which is 
necessary for tuning the release profile in terms of drug delivery and is, of course, likely to be 
crucial in the design of multifunctional theranostic particles. 
While the previous discussion has focused on nanoprobes that were electrostatically 
trapped by LbL assembly, another route to effective SERS sensing is by way of passivating 
optical reporter molecules at the surface of the nanoparticle. Thiolated molecules were used to 
investigate the stability of non-diffusive, covalently bound Raman molecules. Thiol has a strong 
affinity for metals such as gold and forms a covalent gold-thiolate bond.28 To investigate signal 
stability we used Ellman’s Reagent or 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB), which has a 
strong symmetric NO2 stretch at 1333 cm-1.29 Upon reduction, the disulfide bond readily cleaves 
into two 5-thio-nitrobenzoic acid (TNB) molecules. Figure 3.9 shows that nanoprobes were 
prepared with a mixed layer of methyl ether poly(ethylene glycol) thiol (mPEG-SH) and TNB. A 
layer of BSA was adsorbed to the outermost layer to mimic the polyelectrolyte configuration. -
potential measurements verified that each synthetic step was successful.  Samples were prepared 
in triplicate and stored at identical temperatures as the polyelectrolyte-wrapped nanoparticles. 
Figure 3.9(c) shows representative Raman spectra (normalized to laser power) of TNB-PEG 
coated nanoparticles stored for more than 5 weeks at room temperature. Throughout the storage 
period the spectral features exhibit only slight variations. Spontaneous Raman equivalents, as 
shown in Figure 3.10, were computed using a spontaneous Raman calibration curve of aqueous 
DTNB (ranging from 5 to 15 mM) with an adjusted pH of 7. Due to the strength of the gold- 
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Figure 3.9. (a) Schematic of 5-thio-nitrobenzoic acid (orange shell) and methyl ether 
poly(ethylene glycol) thiol (TNB-PEG) coated nanoparticles with adsorbed BSA (purple 
spheres). (b) -potential measurements of each synthetic step. (c) Representative Raman spectra 
of TNB-PEG coated nanoparticle. Day 1, black; Day 4, red; Day 11, blue; Day 16, purple;  
Day 26, green; Day 42, grey. (d) Spontaneous Raman equivalent of TNB-PEG nanoparticles in 
terms of mM of DTNB. 
 
thiolate bond, TNB-PEG coated nanoparticles were less susceptible to signal loss over time. As 
expected, the storage considerations for thiolated Raman reporters are less crucial than LbL 
nanostructures. 
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Figure 3.10. Spontaneous Raman calibration curve of aqueous DTNB from 5 – 16 mM. The 
equation of the line was determined through linear regression to be: y = 1612x + 4179.  
 
3.4 Conclusion 
 
Careful consideration of electrostatically encapsulated optical reporter molecules for 
SERS nanoprobes is critical. In this chapter, we investigated the signal stability of SERS 
nanoprobes using polyelectrolyte LbL wrapping to encapsulate reporter molecules. We found 
that polyelectrolyte-wrapped samples stored at colder temperatures (4 °C) are more likely to 
maintain their spectral signature. Samples stored at room temperature and 37 °C were more 
likely to exhibit strong diffusion effects over the course of 5 weeks. A diffusion coefficient of  
10-18 cm2/s was derived by fitting our experimental data to a diffusion/electromagnetic 
enhancement model. To overcome signal degradation of SERS nanoprobes, chemical 
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crosslinking of a polyelectrolyte-wrapped nanoparticle is sufficient. We find that storage of 
crosslinked samples at 4 °C is best for long-term usage. Alternatively, stronger covalent gold-
thiolate bonds also prevent reporter molecule diffusion; however, thiolated molecules are 
typically limited in availability and expensive.  
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CHAPTER 4 
 
MEASURING BINDING KINETICS OF AROMATIC THIOLATED MOLECULES 
WITH NANOPARTICLES VIA SURFACE-ENHANCED RAMAN SPECTROSCOPY 
4.1 Introduction 
 
 Precise control over nanoscale features has produced many exciting advances in 
electronic, photonic, and biomedical devices over the last two decades.1–3 Integral to these 
advances has been the realization that control over the surface chemistries of both macroscopic 
substrates and nanoscopic probes is crucial for the development of new and existing 
nanotechnologies.  Molecules containing thiol (R-SH) moieties are particularly well-suited for 
engineering surface chemistries due to the covalent nature of metal-sulfur bonds (~130 kJ/mol 
for Au–S).4 Researchers have demonstrated thiol’s ubiquitous nature through applications such 
as the preparation and functionalization of plasmonic nanocrystals,5 semiconductor quantum 
dots,6 and self-assembled monolayers.7 Rigorous investigation of the metal-thiolate bond is 
essential for the development of nanotechnologies with unprecedented surface control.  
 For biological sensing applications, gold nanoparticles are commonly synthesized in 
aqueous wet chemistry with stabilizing ligands including polyvinylpyrrolidone (PVP), citrate, 
cetyltrimethylammonium bromide (CTAB), and cetyltrimethylammonium chloride (CTAC). 
Most notably, the surfactant CTAB can have growth directing properties leading to the formation 
of anisotropic nanostructures such as gold nanorods and gold nanoplates.8 The relative strength 
of the bond between the stabilizing ligands and the gold surface affects our ability to 
functionalize nanoparticles for biological sensing applications. 
 
Reproduced with permission from DeVetter, B. M.; Mukherjee, P.; Murphy, C. J.; Bhargava, R. Measuring Binding 
Kinetics of Aromatic Thiolated Molecules with Nanoparticles via Surface-Enhanced Raman Spectroscopy. 
Nanoscale, 2015, 7, 8766-8775. Copyright 2015 Royal Society of Chemistry. 
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 In highly ionic tissue microenvironments consisting of proteins and varying degrees of 
pH, it is especially important to have complete control over the probe’s surface chemistry. For 
example, nanoprobes are often coated in thiolated polyethylene glycol in order to increase 
circulation time and biocompatibility by partially masking probes from proteins found in 
biological tissues and serum.5 Bifunctionalized polyethylene glycol molecules with reactive 
functional groups, such as carboxylic acid, are frequently coupled to proteins, aptamers, or other 
biomolecules for targeting applications.9,10 Unlike electrostatically bound reporter molecules, 
covalently bound reporter molecules are not susceptible to diffusion and are significantly more 
reliable for long-term biological studies. In a similar vein, the efficiency of ligand exchange of 
thiolated polyethylene glycol is heavily dependent on the original stabilizing ligand,11 with 
CTAB being recognized as the most difficult ligand to replace. Therefore, consideration of the 
as-synthesized stabilizing ligand for successful ligand exchange is essential.  
 Self-assembled monolayers (SAMs) were one of the earliest and most common 
techniques for controlling surface chemistry and fabricating nanopatterned substrates. SAMs 
form when free gas or liquid phase molecules spontaneously arrange as they adsorb to a surface. 
A popular choice for SAMs is alkanethiols; alkanethiols contain a thiol head group, which 
readily chemisorbs to gold, and an alkyl chain. The strength of the metal-thiolate bond makes 
thiol bearing molecules invaluable for applications involving metallic substrates. The structure 
and kinetics of alkanethiol SAM formation have been heavily characterized using diverse surface 
analysis techniques such as scanning tunneling microscopy, x-ray diffraction, atomic force 
microscopy, vibrational spectroscopy, and theoretically via density functional theory.7,12 It is 
well established that alkanethiol SAM formation essentially follows the Langmuir isotherm.13–15 
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The Langmuir isotherm assumes monolayer coverage, noninteracting adsorbed molecular 
species, uniform binding sites, and may be described by: 
 
1
KC
KC
     (4.1) 
where K is a constant, C is the concentration of the adsorbed species, and  is fractional surface 
coverage. Understanding the kinetics of metal-thiolate bond formation is essential for rapidly 
manufacturing SAMs. To date, the majority of studies investigating thiol kinetics have focused 
on flat macroscopic substrate SAM formation.12–14 Advances in the control over surface 
morphology of colloidal nanoparticles, however, has brought about renewed interest in thiolate 
bond formation as applied to nanostructures.  
 In this chapter, we investigated the kinetics of gold-thiolate bond formation on colloidal 
gold nanoparticles with the intention of elucidating the design parameters necessary to 
successfully prepare optical nanoprobes for biological sensing applications. The ligand exchange 
process was characterized by monitoring the surface-enhanced Raman scattering (SERS) 
intensity of vibrational modes corresponding to specific thiolated Raman-active molecules. 
Whereas other techniques such as UV/vis absorption spectroscopy have been used to monitor 
time-dependent changes in the localized surface plasmon resonance during nanoparticle 
aggregation and gold-thiolate bond formation,16 Raman spectroscopy’s inherent chemical 
specificity allowed us to monitor both the changing surface chemistry and structural properties of 
the dynamically forming ligand shell. In order to prepare biologically relevant nanoprobes, we 
ensured that all Raman-active molecules were water soluble to maintain stability of the 
nanoparticles. Our results were compared with a theoretical model that predicted the effect of 
ensemble absorption and scattering of light during propagation through a turbid media.  
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 SERS is a highly sensitive, chemically specific sensing modality that is well suited for 
studying the kinetics of gold-thiolate formation on nanoparticles. To date, however, only a few 
studies have specifically investigated the kinetics of ligand exchange on gold nanoparticles using 
SERS. One such study investigated ligand exchange using citrate-stabilized gold nanoparticles 
dispersed in dimethylformamide (DMF).17 This study primarily used reporter molecules with 
limited water solubility, making aggregation effects a larger concern. Additionally, the toxicity 
of DMF and the extra purification steps required to remove DMF makes these probes undesirable 
for rapid manufacturing. A different research group used time-dependent SERS and a ratiometric 
technique to quantify ligand exchange on simultaneously aggregating gold nanoparticles.18 This 
technique, however, relies on the generation of hot-spots, which can lead to unreproducible 
results due to uncertainty in the position of the molecular analyte with respect to the metal-metal 
junction. Additionally, it is impossible to fully decouple ligand exchange kinetics from 
aggregation kinetics using this approach. We also discuss ligand exchange kinetics and the 
design parameters necessary to prepare unaggregated, water soluble gold nanoparticles for 
biological sensing applications.  
4.2 Theory 
 
 The chemisorption of alkanethiol molecules to gold nanoparticles generally follows a first-
order Langmuir adsorption model and is described by the following:14 
 obs 0( )0( ) (1 e )
k t tt t A        (4.2) 
where  is the fractional surface coverage, A is a constant dependent on the association or 
dissociation constants of the adsorption reaction, kobs is the rate constant, and t0 is a time delay 
factor added to account for the time required to mix the solution after the introduction of Raman 
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reporter molecules. We assumed the binding characteristics of gold-thiolate bonds are similar in 
both aromatic thiolated reporter molecules and alkanethiol molecules such that the first-order 
Langmuir adsorption model will appropriately describe chemisorption during ligand exchange. 
Furthermore, only colloidal nanoparticle measurements performed in a backscattering collection 
geometry were considered, as illustrated by Figure 4.1.  
 
Figure 4.1. Schematic of backscattering collection geometry using a 1 cm path length cuvette. 
Raman scattered light was directed to a grating spectrometer after a holographic notch filter 
removed undesired Rayleigh scattered light. 
 
 The kinetics of gold-thiolate bond formation were monitored using SERS. SERS, as has 
been discussed extensively,19 operates on two distinct enhancement mechanisms: chemical 
enhancement and electromagnetic enhancement. Chemical enhancement is a weak effect and 
likely arises from a combination of resonances between the metal-molecule complex, 
deformation in the molecular polarizability, and electron charge transfer between molecules and 
the plasmonic surface.20,21 In contrast, the stronger electromagnetic enhancement effect 
originates from the collective oscillation of the electron gas under resonant excitation. As a 
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limiting case, we only consider electromagnetic enhancement because it is a more useful design 
parameter and is several orders of magnitude stronger than chemical enhancement.   
 A selection rule for Raman spectroscopy is that the molecular polarizability must 
temporally deform or distort under excitation. The intensity of Raman scattered light may be 
described by three multiplicative terms. First, for molecular ensembles, the Raman scattering 
intensity is related to the number of molecules N present in the sampling volume and a factor 
2  where   is the susceptibility of individual molecules. Because the susceptibility described 
here is related to the first-order Taylor expansion of molecular polarizability, the selection rule is 
satisfied. To accurately describe the Raman scattering intensity of molecules bound near the 
surface of a single plasmonic nanoparticle, a second term called the electromagnetic 
enhancement 0( , )G    is necessary. Here,   corresponds to the Stokes shifted frequency of 
scattered light and 0  corresponds to the excitation frequency. The third and final term is crucial 
for plasmonic nanoparticle ensembles and is proportional to the Beer-Lambert law, which 
describes the exponential decay of light due to absorption and scattering (extinction) in turbid 
media. Therefore, the scattering intensity 0( , )I    as it propagates through a sample of thickness 
b may be defined as the following:22,23  
  02 ( ) ( )0 0
0
( , ) ( , )
b
z cI N G dz e             (4.3) 
where c is the nanoparticle concentration and  is the corresponding molar extinction coefficient.  
 To calculate the intensity of Raman scattering and kinetics of chemisorption, we first 
assumed spherical gold nanoparticles under the quasi-static approximation. Therefore, the 
electromagnetic enhancement is given by:24 
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    20 0( , ) 1 2 ( ) 1 2 ( )G g g         (4.4) 
where g is the Clausius-Mossotti relation, 2 2( 1) / ( 2)g m m   , and m is the ratio of the refractive 
index of gold to the refractive index of the surrounding media (water, 0n  = 1.33). Frequency-
dependent optical constants for gold were obtained from Johnson and Christy.25 The extinction 
cross section was calculated from the following:26 
  
22 2
43 2
ext 2 2
1 8 14 Im
2 3 2
m mC k a ka a
m m
           (4.5) 
where a is the radius of the nanoparticle and k is the wavevector ( 0 ex2 /k n   ) of the excitation 
light in the surrounding media.  
 We have previously demonstrated the importance of the Beer-Lambert law in calculating 
the Raman scattering intensity of nanoparticle ensembles.22 Although the spontaneous Raman 
scattering intensity is intrinsically linear with respect to nanoparticle concentration, we have 
shown a nonlinear response due to optical extinction at higher nanoparticle concentrations. 
Incorporating the Beer-Lambert law with electromagnetic enhancement results in the following 
expression:22  
 
 0 0( ) ( )
0 0 0
0 0 0
1( , , (ω, )
( ) ( )
bn ceR c) R G
n n
               (4.6) 
where R0 is a constant dependent on the laser beam profile and the molecular Raman scattering 
cross section (i.e., 2N  ). From Equation 4.6, it is apparent that nanoparticle concentration is 
responsible for the extinction of 0( , , )R c  and thus the nonlinear dependence is clear. It is 
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possible, as a result, to optimize the concentration of nanoparticles in solution to obtain a maximal 
signal based on the extinction coefficient and path length.  
 
Figure 4.2. As illustrated by the Beer-Lambert law, the intensity of propagated light through 
turbid media decays exponentially. This intensity is a function of nanoparticle concentration as 
described by R(, 0, c). Variation of (Intensity × max) with nanoparticle concentration is 
depicted on the left. A threshold concentration (3 nM and path length b = 1 cm) of nanoparticles 
was chosen as an idealized model. The number of adsorbed molecules p(t) varied according to 
the first-order adsorption model (t) (kobs = 0.01 min−1, t0 = 0 min) and was applied to the 
function 0( , , )S t , as shown on the right.  
 
Ligand exchange kinetics may be described by modifying 0( , , )R t  to account for the 
adsorption of Raman-active reporter molecules as a function of time.23 For non-resonant reporter 
molecules such as 2-thio-5-nitrobenzoic acid (TNB), the molar extinction (13,600 M− 1cm−1 at 
412 nm)27 is negligible in comparison with the molar extinction of gold nanoparticles  
(109 M−1cm−1 at ~525 nm), such that we may neglect the extinction caused by these molecules 
even when they are added in molar excess. Thus, the kinetic equation to model the adsorption of 
molecules to colloidal nanoparticles with a fixed nanoparticle concentration is given by:23  
 
 0 0( ) ( )
0 0 0
0 0 0
( ) 1( , , ) ( ,ω )
( ) ( )
bn cp t eS t S G
c n n
               (4.7) 
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where 0S  is a constant dependent on the laser beam profile and molecular Raman scattering 
cross section and p(t) is the concentration of bound molecules. The time dependence of 
0( , , )S t  was calculated by applying a first-order Langmuir adsorption model with parameters 
kobs = 0.01 min−1 and t0 = 0 min. In Figure 4.2, the intensity grows as a function of time for a 
fixed nanoparticle concentration of 3 nM. The effect described by 0( , , )R c  is a nonlinear 
response with nanoparticle concentration as predicted by Beer’s law. When the turbidity of a 
solution (nanoparticle concentration) increases, light propagating through that solution decays 
exponentially. In contrast, for a constant nanoparticle concentration, the time-varying adsorption 
of weakly scattering molecules will have a linear response as described by 0( , , )S t . This model 
provides confidence that it is possible to monitor the linear response of gold-thiolate bond 
formation in colloidal suspension.  
4.3 Results and discussion  
 We first synthesized 18 nm gold nanoparticles using the boiling citrate method. 
Monodispersity, shape, and size were verified through a combination of transmission electron 
microscopy (TEM), UV/vis spectroscopy, and dynamic light scattering (DLS) measurements. 
Citrate-stabilized gold nanoparticles are particularly attractive because of the relative ease in 
which the citrate ligands may be exchanged. Ellman’s reagent or 5,5′-dithiobis-(2-nitrobenzoic 
acid) (DTNB) is a common Raman-active reporter molecule. DTNB’s disulfide bond readily 
cleaves and forms 2-thio-5-nitrobenzoic acid (TNB) when dissolved in water at pH ~ 7. This 
may be may monitored by measuring its absorbance at 412 nm.28 As shown in Figure 4.3, ligand 
exchange was initiated by the introduction of aqueous TNB into a solution of gold nanoparticles.  
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Figure 4.3. Schematic of the ligand exchange process. (a) Ligand exchange of citrate with TNB 
and (b) ligand exchange of CTAB with 4-ATP. Transmission electron micrograph of (c) citrate-
stabilized (scale bar: 100 nm) and (d) CTAB-stabilized (scale bar: 200 nm) nanoparticles. UV/vis 
spectra of (e) citrate-stabilized and (f) CTAB-stabilized nanoparticles before (solid line) and  
2 weeks after ligand exchange (dashed line). 
 
After ligand exchange was complete, each sample was stored at room temperature to 
ensure stability. Figure 4.3 shows that there was no evidence of aggregation or coalescence. 
Nanoparticle stability was further assessed by measuring   - potential and DLS. Before ligand 
exchange, the citrate-stabilized nanoparticles had a -potential of −29.0   6.5 mV.  
After ligand exchange, the nanoparticles had a -potential of −13.0  2.1 mV, indicating 
electrostatic stabilization in suspension. DLS data is shown in Figure 4.4.  
 Ligand exchange of 4-aminothiophenol (4-ATP) molecules was also performed on 40 nm 
gold nanospheres stabilized with CTAB. Whereas CTAB is notoriously difficult to remove from 
gold nanorods, CTAB is readily removed from the highly faceted gold nanosphere surface. 
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Figure 4.4. Dynamic light scattering (DLS) of (a) citrate-stabilized gold nanoparticles, (b) gold 
nanoparticles with DTNB stored for 2 weeks at room temperature, (c) gold nanoparticles 
stabilized with CTAB, and (d) gold nanoparticles replaced with 4-ATP and stored for 2 weeks at 
room temperature. Shaded area corresponds to the standard deviation of the measurements.  
 
We verified that the nanoparticles were stable before and after ligand exchange using UV/vis 
spectroscopy and   - potential/DLS. The   -potential before ligand exchange was 40.4  1.1 mV 
and the 
 
- potential after ligand exchange was 41.1  2.9 mV. Likewise, the DLS data showed 
no significant change in the size distribution of nanoparticles before and after exchange.  
 The kinetics of gold-thiolate bond formation were measured after introducing Raman-
active reporter molecules TNB and 4-ATP into citrate-stabilized and CTAB-stabilized gold 
nanoparticle suspensions, respectively. Before introduction of reporter molecules, we adjusted 
the nanoparticle concentration such that the ratio of the number of available binding sites to the 
number of molecules was equivalent for both TNB/citrate and 4-ATP/CTAB solutions. Coverage 
density calculations were based on the assumption that TNB has a molecular footprint of  
0.26 nm2/molecule and 4-ATP has a molecular footprint of 0.20 nm2/molecule.29,30 Molecules 

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were added in molar excess such that approximately 105 – 106 molecules per binding site were 
available before chemisorption took place.  
 
Figure 4.5. Kinetic SERS spectra of representative samples illustrating the growth of vibrational 
modes during ligand exchange of (a) CTAB with 4-ATP and (b) citrate with TNB. Reporter 
molecules were added immediately after t = 0 min.  
 
 The inherent chemical specificity of Raman spectroscopy allows simultaneous 
monitoring of the growth of multiple vibrational modes during ligand exchange. In Figure 4.5, 
the kinetic SERS spectra of 4-ATP chemisorbed to gold nanoparticles is shown. Although 
CTAB-stabilized gold nanoparticles have an Au-Br band at 174 cm−1,31 it was not possible to 
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quantify the desorption of CTAB from spherical gold nanoparticles because the band 
immediately disappeared after introduction of 4-ATP. In contrast, we were able to monitor 
partial desorption of CTAB from gold nanorods when using a 785 nm excitation laser; however, 
this effect is likely due to the higher density and affinity for CTAB on the nanorod surface rather 
than a wavelength dependent effect. The exceedingly weak signature of the Au–S bands at 240 
and 480 cm−1 in colloidal measurements32 made it challenging to directly measure the formation 
of gold-thiolate bonds using SERS. Instead, we monitored the time-dependent growth of stronger 
vibrational modes, which is correlated to the formation of gold-thiolate bonds as the molecules 
interact with the gold nanoparticle surface and displace electrostatically bound stabilizing 
ligands.  
 
Figure 4.6. (a) Schematic of ligand exchange of CTAB and poly(styrene sulfonate) (PSS) with 
TNB on gold nanorods. (b) First-order Langmuir adsorption model fit to the  (NO2) mode.  
(c) Decay of the (Au-Br) mode (left) and growth of the (NO2) mode (right) during ligand 
exchange. The excitation wavelength was 785 nm.  
  
 We found that it was necessary to perform additional steps on CTAB-stabilized gold 
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nanorods in order to have successful ligand exchange occur. In order for successful ligand 
exchange to occur on gold nanorods, it was necessary to remove additional CTAB using an 
iterative process of washing the nanorods in chloroform, adding poly(styrene sulfonate) (PSS), 
and centrifugation. We were unable to completely remove all CTAB ligands, as shown in  
Figure 4.6. 
 Previously, we demonstrated that SERS intensity varies nonlinearly with concentrations 
in colloidal suspensions of nanoparticles due to the competing mechanisms of optical extinction 
and electromagnetic enhancement.22 Equation 4.7 shows that the time-varying molecular 
adsorption component, p(t), linearly varies with intensity. To verify this prediction, we 
performed ligand exchange experiments and measured the growth of vibrational modes as a  
function of time. As shown in Figure 4.7, the relative growth of bands were measured by 
computing an intensity ratio (area of band immediately after reporter molecule injection to area 
of band at the end of the measurement). We found the behavior of each band to be consistent 
across samples. For example, the non-fundamental mixed vibrational mode  (C-C) + (C-H) at 
1357 cm−1 grew nearly twice that of the  (C-S) and  (C-C) vibrational modes. Certain modes, 
especially (C-S), were mostly insensitive to the number of molecules adsorbed to the 
nanoparticles (intensity ratio of 1.53  0.22), likely because this mode has an intrinsically large 
Raman scattering cross section and how the molecules orient themselves with respect to the 
surface.  
 Our results indicate that the chemisorption of TNB and 4-ATP may accurately be 
described by the first-order Langmuir adsorption model. Fitting of the experimental data to the 
first-order Langmuir adsorption model for the stretching modes (C-C) (for 4-ATP) and  
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Figure 4.7. Kinetic SERS spectra of the exchange of 4-ATP (25 L of 10 mM 4-ATP added to 
2.0 mL of 3.0 nM gold nanoparticles) with CTAB on gold nanoparticles. The excitation 
wavelength was ex  = 633 nm with a 15 second integration time. An intensity ratio (area at  
t = 1 min to steady-state final area) was calculated to illustrate the growth of active vibrational 
modes. Error bars correspond to a 95% confidence interval. 
 
(NO2) (for TNB) are shown in Tables 4.1 and 4.2. We found that the average rate constant kobs 
for both citrate and CTAB-stabilized gold nanoparticles was ~0.01 min−1 and, based on the data, 
we expect 90% surface coverage to be obtained approximately 4 hours after introduction of the 
Raman-active reporter molecules. Our results agree well with thiol adsorption kinetics on 3.3 nm 
gold nanoparticles as monitored by in situ time-resolved x-ray absorption fine structure (XAFS) 
where researchers measured a rate constant of 0.0132 min−1.33 They attributed a faster adsorption 
event during the first 20 minutes of measurement to adsorption on edges and corners. We did not 
86 
 
observe this event, possibly due to size differences between our nanoparticles and a lack 
differences in available defect sites. Other techniques such as x-ray photoelectron  
Table 4.1. First-order Langmuir adsorption model fit to the Raman band corresponding to the 
vibrational stretching mode  (NO2) at 1340 cm-1. Measurements were performed in a fused 
silica cuvette with 2 mL of nanoparticle solution and a concentration of 9.4 nM. 
DTNB (10 mM) kobs (min-1) A (a.u.) 
25L 0.0117 1.10 × 105 
50 L 0.00725 7.56 × 104 
100 L 0.0141 1.46 × 105 
200 L 0.0129 1.87 × 105 
Mean 0.011  0.003 1.3 × 105   0.5 × 105 
 
Table 4.2. First-order Langmuir adsorption model fit to the Raman band corresponding to the 
vibrational stretching mode  (C-C) at 1594 cm-1. Measurements were performed in a fused 
silica cuvette with 2 mL of nanoparticle solution and a concentration of 3.0 nM.  
4-ATP (10 mM) kobs (min-1) A (a.u.) 
25L 0.0100 3.78 × 105 
50 L 0.0131 3.43 × 105 
100 L 0.0125 3.78 × 105 
200 L 0.0109 3.80 × 105 
Mean 0.012  0.002 3.7 × 105 0.2 × 105 
 
spectroscopy (XPS) have been used to quantify the ligand exchange and density of thiolated 
molecules on gold nanoparticles surfaces.34 For the purpose of monitoring the dynamics of 
nanoparticle surface chemistry in solution, XPS is not an ideal technique because it requires that 
the sample consist of dried nanoparticle films. 
 The surface-area-to-volume ratio plays a huge role in the efficiency and speed of gold-
thiolate formation. One of the most intriguing aspects of nanoscience is the modified 
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characteristics of nanomaterials with respect to bulk materials. Researchers often observe that 
SAMs can take anywhere from 12 – 24 hours to form on clean, flat gold substrates.35 For 
simplicity, if we assume a 1 mrectangular laser spot size illuminating a flat gold substrate, that 
same laser can probe 2000 nanoparticles in a 1 cm path length at a concentration of 3 nM. Given 
that the surface-area-to-volume ratio of the nanoparticles probed in our experiments is on the 
order of 108, we see that colloidal measurements offer huge advantages over interrogating flat 
surfaces. With this experimental setup, it also possible to probe fast kinetics. By reducing the 
 
Figure 4.8. Kinetic data of DTNB (10 mM) added to a gold substrate. The substrate was cleaned 
with 3:1 concentrated 18 M H2SO4 to 30% H2O2 before addition. We observe that even after  
600 minutes of acquisition time, the intensity (evaluated at 2(NO ) ) is still growing. 
integration time, we can probe fewer nanoparticles on a shorter time scale and investigate effects 
that occur rapidly. For example, we achieved an acceptable signal-to-noise ratio (~4.8) with an 
integration time of 50 milliseconds for a monolayer of TNB coated nanoparticles. With a  
250 milliseconds integration time, we recorded a signal-to-noise ratio of ~15.7. We chose to 
investigate ensemble-averaged effects by probing large numbers of nanoparticles. Figure 4.8 
illustrates the differences in colloidal versus macroscopic substrate measurements. We took a flat 
gold substrate added DTNB and showed that even after 10 hours of measurements SAM 
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formation was not complete and minimal structural and orientation information could be 
obtained. In contrast, the ensemble-averaged kinetic nanoparticle spectra offer a rich array of 
structural information.  
Additionally, the rate constant kobs being insensitive to changes in reporter molecule 
concentration in both cases indicates that chemisorption of the molecules in molar excess are not 
controlled by a diffusion-limited process. The invariance in the rate constant across multiple 
vibrational modes and the consistent demonstration of the Langmuir adsorption profile for each 
mode indicates that wavelength-dependent optical extinction during chemisorption is negligible. 
This result matches our theoretical prediction where the Stokes shifted frequency   is 
independent of the adsorbed chemical species p(t).  The fact that kobs is similar for both processes 
implies that the stabilizing ligands (citrate, CTAB) have roughly equivalent affinity for gold 
nanoparticles. Although it has been reported that CTAB ligands have a stronger affinity for gold 
than citrate ligands, we found that this is only true for gold nanorods, not nanospheres.11 Gold 
nanorods present specific facets (i.e., {110}) that more strongly bind to CTA+ micelles,31 
whereas gold nanospheres are highly faceted in nature and do not have large areas of exclusively 
{110} surface sites. Conversely, we found that additional purification and preparation steps were 
necessary to perform ligand exchange on gold nanorods. 
Bands of interest were fit to Lorentzian distributions for further analysis.  As shown in 
Figure 4.9, we observed spectral shifting of the center band frequency during chemisorption. Our 
theoretical model suggests that the intensity 0( , , )S t  of each Raman band is shift invariant 
during this process. In other words, as molecules adsorb to the nanoparticle surface, the band is 
not expected to shift as a consequence of any optical effects. This result, therefore, suggests that 
center band frequency shifting is a result of deformation of the molecular polarizability of 
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adsorbed molecules via a metal-molecule complex. Certain bands such as (C-S) exhibit 
minimal band shifting. As shown in Figure 4.6a, the  (C- C) mode shifted from 1601 cm−1 at  
t = 1 min to a steady-state Raman shift of 1594 cm−1. Similarly, the mode   (C- C) + (C-H) 
began at 1376 cm−1 and reached a steady state of 1357 cm−1.   
 
Figure 4.9. Time-dependent change in FWHM (top) and center band frequency (bottom) as 
determined by fitting to Lorentzian distributions. (a) Mixed mode (C-C) + (C-H) and  
(b) fundamental mode (C-C). This data corresponds to a representative sample (final 4- ATP 
concentration: 125 M).  
  
 During gold-thiolate bond formation, the full width at half maximum (FWHM) grows 
and saturates within the first hour of introducing reporter molecules. Subsequently, the FWHM 
narrows to an intermediate steady-state position. This indicates that the initial molecules are 
disordered and slowly become more ordered until the majority of stabilizing CTAB ligands have 
been replaced. This effect is analogous to the formation of a SAM substrate.35 Blue-shifting of 
the center band frequency indicates a weakening bond. This is due to ligand-ligand, metal-
molecule interactions, and orientation effects during monolayer formation. We are able to gain 
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much insight from this data regarding the state of the surface chemistry in the nanoparticle 
ensemble. The initial growth of Raman bands corresponds to molecular adsorption and 
eventually leads to chemisorption and reorientation of the molecular species on the nanoparticle 
surface. Because our data corresponds well to the first-order Langmuir adsorption model, we can 
conclude that the majority of signal arises from the interaction and adsorption of new molecular 
species rather than molecular reorientation. While molecular reorientation is an important effect, 
its contribution to the signal intensity is likely minimal, as indicated by our theoretical model 
where we only assume adsorption increases the signal. That being said, molecular reorientation 
causes, in part, the shifting we observe in the center band frequency of certain Raman modes. To 
fully explore the effects of molecular reorientation, new methods such as observing the kinetics 
of partially ligand exchanged nanoparticles and polarization measurements, beyond the scope of 
this report are necessary. To further analyze the meaning of blue-shifting during chemisorption, 
we compared unbound 4-ATP molecules with bound 4-ATP molecules chemisorbed to a SAM 
of gold nanoparticles.  
 A self-assembled monolayer of gold nanoparticles on a glass substrate was fabricated to 
compare the center band frequency of 4-ATP molecules chemisorbed to gold in colloidal 
suspension versus dried substrate. This comparison allows to us monitor the binding strength of 
the respective thiolated molecules in solution as compared to dried substrates. Treatment of the 
vibrations of molecules as harmonic oscillators shows that longer Raman shifts correspond to 
more tightly bound molecules. On dried substrate, (C-C) + (C-H) was not active; however, it 
was possible to compare  (C-S) and  (C-C), as shown in Figure 4.10. The  (C-S) mode is 
largely shift invariant and insensitive to the number of bound molecules. Therefore, it is an 
excellent mode to obtain information about the state of binding. On gold nanoparticles,  (C-S) 
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was blue-shifted from that of unbound 4-ATP molecules but red-shifted from the SAM 
configuration. This indicates that the C-S bond strength in colloidal gold nanoparticles is in  
 
Figure 4.10. (a) Raman spectra of colloidal gold nanoparticles (blue, Au NPs) with chemisorbed 
4-ATP, a self-assembled monolayer of gold nanoparticles on glass substrate with chemisorbed 4-
ATP (green, SAM), and unbound 4-ATP molecules (red, 4-ATP). The spectra were normalized 
to the (C-C) mode. Lorentzian fit (solid line) and spectral data points for gold nanoparticles 
(circles), SAM (triangles), and 4-ATP (stars) for (b)  (C-C) and (c)  (C-S).  
 
between the SAM and free 4-ATP molecules; the 4-ATP molecules were most tightly bound to 
the dried substrate. The  (C-C) mode was blue-shifted from both the unbound and SAM-bound 
4-ATP molecules, indicating that there was significant deformation due to bonding in the  
C-C bonds of the aromatic ring. The blue shift past both the SAM and unbound 4-ATP in this 
mode may have arisen from the fact that this mode is more sensitive to the number of adsorbed 
molecules than the  (C-S) mode. Nonetheless, based on this data we can conclude that gold-
thiolate bond formation is occurring without the need for directly measuring Raman modes 
associated with Au-S vibrations.  Additional experiments for measuring the kinetics of colloidal 
gold to the glass substrate were not performed because our primary interest was in measuring the 
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binding kinetics and ligand exchange of thiolated molecules to the gold nanoparticle surface in 
solution. While it is technically possible to measure kinetic macroscopic substrate measurements 
with our experimental setup, we determined that the best way to prove gold-thiolate formation 
was to compare the center frequency of certain Raman bands in the colloidal kinetic data to dried 
substrate measurements.  
4.4 Experimental 
Materials. Cetyltrimethylammonium bromide (CTAB, >99%), sodium borohydride (NaBH4, 
>99.99%), trisodium citrate (Na3C6H5O7, >99%), silver nitrate (AgNO3, >99%), 
tetrachloroauric(III) acid (HAuCl4, >99.999%), 5,5′-dithiobis-(2-nitrobenzoic acid)  
(DTNB, >95%), polystyrene sulfonate (PSS, 70,000 g/mol), 4-aminothiophenol (4-ATP, >97%), 
and hydroquinone (1,4-benzenediol, >99%) were purchased from Sigma-Aldrich and used 
without further purification. Glassware was cleaned with freshly prepared aqua regia  
(3:1 HCl:HNO3) and rinsed with 18.2 MΩ-cm water multiple times. 
Instrumentation. Raman spectra were acquired using a Horiba LabRAM HR 3D confocal 
microscope configured with 633 nm (8.5 mW at the sample) and 785 nm (110 mW at the 
sample) laser lines. A back-illuminated EMCCD (Andor, DU970P) was used for 633 nm 
experiments and a back-illuminated, deep-depletion CCD (Horiba Synapse) was used for 785 nm 
experiments. Unless noted otherwise, 633 nm laser excitation was used for Raman 
measurements. Spectra were acquired with a spectral resolution of 10 cm−1. UV/vis absorption 
spectra were acquired with a Cary 5G spectrophotometer. Dynamic light scattering and  
-potential measurements were acquired with a Malvern Zetasizer Nano ZS. Transmission 
electron microscopy was performed using a JEOL 2100 Cryo transmission electron microscope 
with an accelerating voltage of 200 kV.  
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Nanoparticle synthesis. Citrate-stabilized gold nanospheres were synthesized using the boiling 
citrate method where 97.5 mL of H2O was mixed with 2.5 mL of 0.01 M HAuCl4. Under 
magnetic stirring, the solution was heated until boiling at which point 3 mL of 5% w/v citrate 
solution was added. The solution was allowed to boil for 5 minutes and slowly turned deep red. 
After cooling down, the solution was centrifuged at 5,250 × g for 3 hours to remove excess 
citrate. CTAB-stabilized gold nanospheres were synthesized using a seed-mediated method as 
described elsewhere.36 Gold nanorods were synthesized using a recently developed seed-
mediated method with hydroquinone as the reducing agent.37 To remove bound CTAB from gold 
nanorods we used a chloroform extraction technique described by Wei and coworkers.38 Briefly, 
we took 5 mL of OD 20 gold nanorods in H2O and added 5 mL of chloroform. The immiscible 
solvents were rapidly mixed for a minimum of 1 minute to form an emulsion and then 
centrifuged at 1,000 × g for 3 minutes. We then added 0.5 mL of 1% w/v PSS in H2O and 
redispersed the pellet. After waiting 2 hours, centrifugation was repeated twice more to remove 
as much PSS-CTAB as possible. The sample was then centrifuged at 5,000 × g for 4 minutes in a 
30,000 g/mol-molecular-weight-cutoff centrifuge filter. To the pellet, 1 mL of 1% w/v PSS was 
added. After 1 hour, the nanoparticles were centrifuged at 5,000 × g for 4 minutes and then 
redispersed in H2O. 
Substrate fabrication. A clean glass slide was functionalized with 10 mM ethanoic  
(3-aminopropyl)-trimethoxysilane overnight. After rinsing multiple times with ethanol, a 
solution of citrate-stabilized gold nanoparticles (~4 nm diameter) was deposited on the substrate 
and allowed to dry for 2 hours. The substrate was rinsed with H2O multiple times and allowed to 
air dry. A 10 mM 4-ATP solution (pH = 3) in H2O was deposited onto the substrate and allowed 
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to dry before Raman measurements were performed. For unbound 4-ATP measurements, an 
ethanoic solution of 50 mM 4-ATP was allowed to dry on a clean glass slide.  
Kinetic Raman measurements. Solution phase samples (typically, 1.5 – 2 mL) were measured 
in a backscattering geometry with a 1 cm path length fused silica cuvette. Integration time varied 
between 10 to 20 seconds, depending on sample concentration. To initiate the kinetic 
measurements, Raman-active molecules were quickly added to a nanoparticle solution and 
rapidly mixed for approximately 30 seconds. Measurements began immediately after mixing.  
4.5 Conclusion 
 Monitoring and understanding the kinetics of gold-thiolate bond formation is essential for 
the preparation of highly stable and robust gold nanoparticles. Covalent gold-thiolate bonds are 
superior over electrostatically bound molecules because electrostatic bonds are highly 
susceptible to diffusion and dissociation from the gold surface. Furthermore, maintaining the 
stability of gold nanoparticles in a variety of harsh ionic environments is critical for quantitative 
measurements.  
 Surface-enhanced Raman spectroscopy was used to indirectly monitor the kinetics of 
gold-thiolate bond formation. As a result of the intrinsic chemical specificity of Raman 
spectroscopy, it was possible to monitor the state of binding by analyzing the shift in center band 
frequency and FWHM by fitting a Lorentzian distribution to the collected data. Our results 
indicate that ligand exchange of citrate-stabilized and CTAB-stabilized gold nanospheres are 
well approximated by a first-order Langmuir adsorption model and have similar rate constants. 
Gold nanorods, in contrast, require additional purification steps and are challenging to fully 
exchange due to residual CTAB. We compared our results to an analytical model combining the 
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Beer-Lambert law with electromagnetic SERS enhancement. The predictive model shows a 
linear relationship between chemisorbed molecules and Raman intensity, whereas a time-varying 
nanoparticle concentration is nonlinear in colloidal suspensions. Our experimental results were in 
excellent agreement with this model.  
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CHAPTER 5 
 
NUCLEAR-TARGETED SURFACE-ENHANCED RAMAN SCATTERING 
NANOPARTICLES 
5.1 Introduction  
 Our need to develop diagnostic imaging techniques ranging from the subcellular-level 
and single-cell level to the tissue-level require multimodal imaging capabilities. Optical 
techniques such as surface-enhanced Raman spectroscopy (SERS) offer excellent chemical 
specificity and spatial resolution but require the use of precisely designed probes with specific 
targeting and Raman-active molecular signatures.1 Raman spectroscopy’s inherently poor signal 
can vastly be improved through the use of such probes, allowing for rapid imaging and detection. 
The highly sensitive SERS signature, however, overwhelms the rich chemical information 
originating from the cellular structure. In contrast, infrared spectroscopy may be used as a label-
free2 and chemically sensitive imaging technique but has relatively poor spatial resolution as a 
consequence of the diffraction limit of light as described by the Rayleigh criterion: 
 0.61
NA
d     (5.1) 
where d is the minimum resolvable feature, NA is the numerical aperture of the system, and   
is the wavelength of light. Clearly, the longer wavelengths of infrared light (2.5 – 10 m) have 
poor spatial resolution with respect to visible light. Regardless, at the single-cell and tissue-level, 
chemical information obtained from infrared spectroscopy has been shown to be a valuable tool 
in automated histopathology and characterization of cancer cells.3–5 Absorption cross sections of 
molecules are up to a factor of 106 higher than Raman scattering cross sections.4  Whereas label-
free Raman spectroscopy suffers from long integration times and often requires per-pixel 
rasterization of an image, making it a good candidate for imaging dimensionally small areas, 
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interferometric infrared spectroscopy is well-suited for wide-field imaging of tissue arrays. Here, 
we investigate and characterize nuclear-targeted gold nanoprobes using both modalities.  
 In general, SERS can function either an indicator of the chemistry of cellular structures 
localized within a few nanometers of plasmonic nanoparticles or as a robust contrast agent with 
pre-programmed molecular signatures determined by binding specific Raman-active molecules 
to the nanoparticle surface. While only roughly 1 in 10 million incident photons are Raman 
scattered, SERS can provide enhancement of Raman scattering up to 108 – 1010 orders of 
magnitude, depending on geometry and material composition.6 Because it is difficult to precisely 
place probes in direct contact with a desired protein or cellular structure,7 researchers often 
choose to opt for pre-programmed molecular signatures and develop in vitro or in vivo targeting 
capabilities.  
 Infrared spectroscopy requires careful consideration of the sample substrate, the 
constituents of the sample itself, as well as the method of illumination. Commonly, cells or 
tissues are placed on inexpensive low-emissivity (low-e) glass rather than expensive and 
sometimes toxic salt windows. Low-e glass is also convenient to use because it transmits visible 
light and reflects infrared light allowing for transmissive dark-field optical imaging. In typical 
FTIR transmission and transflectance measurements, scattering effects such as resonant Mie 
scattering occur because cells are on the same order of magnitude of the incident light. In most 
cases scattering is undesirable and corrections exist to help adjust for this when performing 
quantitative spectroscopic measurements.8 Individual gold nanoparticles have relatively small 
scattering cross sections in the infrared; however, targeted nanoparticles applied to biological 
systems often aggregate and, consequently, a higher degree of scattering. To minimize cellular 
scattering in infrared spectroscopic measurements, researchers often use attenuated total 
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reflectance Fourier transform infrared (ATR-FTIR) spectroscopy. ATR-FTIR uses a dielectric of 
high index of refraction to generate an evanescent wave by total internal reflection and probe the 
surface layer of a sample.  
 Here, we investigate endocytosed nuclear-targeted nanoprobes using a combination of 
electromagnetic simulations, confocal Raman microscopy, and infrared spectroscopy to better 
understand plasmonic nanoprobes as contrast agents throughout the optical and infrared 
spectrum. By doing so, we hope to achieve a better understanding of how to engineer and 
prepare nanoprobe-based samples for characterization from the subcellular level up to the tissue 
level.  
5.2 Theory 
 Widespread usage of SERS has resulted in numerous chemical and biological studies 
within the last few years.1,9 While some disagreement still exists, most researchers describe 
SERS through two mechanisms: chemical enhancement and electromagnetic enhancement.6,10 
Electromagnetic enhancement is a consequence of the light harvesting nature of plasmonic 
nanostructures. In other words, resonance of the charge density oscillation of metallic 
nanostructures leads to strong absorption and scattering of light called the localized surface 
plasmon resonance (LSPR). Surface-bound molecules interacting with concentrated levels of 
localized light leads to enhanced Raman scattering. At an incident frequency of light 0 , 
electromagnetic enhancement G may be described in terms of the local electric field E and a 
Stokes shifted frequency s : 
 2 2 40 s 0 0 s 0( , ) ( ) ( ) ( )G        E E E   (5.2) 
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where we neglect the Stokes shift because it is relatively small. The second mechanism, chemical 
enhancement, is still poorly understood but is likely related to metal-molecule resonances and 
charge transfer.10,11 We also neglect chemical enhancement because it is difficult to engineer 
metal-molecule complexes.  
 Surface-enhanced infrared absorption (SEIRA) spectroscopy is the infrared analog to 
SERS in which infrared light generates a standing wave within nanostructures or on 
nanopatterned substrates, leading to an enhanced infrared absorption at certain frequencies of 
light.12 In contrast to SERS nanoparticles, patterned SEIRA substrates use rather large feature 
sizes up to a few microns in length in order to satisfy resonance conditions in the mid-IR. For 
biological imaging applications, we are typically interested in nanoprobes that have diameters 
between 30 – 50 nm because they have been shown to exhibit improved cellular uptake and 
minimal toxicity.13 At these sizes, the SEIRA effect is exceedingly weak because the LSPR is in 
the visible region and the nanoprobe’s dielectric function behaves as a perfect metal in the 
infrared. Using electromagnetic simulations we sought to understand the degree of influence 
SEIRA would have on the infrared spectra for endocytosed nanoprobes. While the illumination 
wavelength is exceedingly far away from the nanoparticle’s plasmon resonance, infrared light 
can still concentrate near the surface.  
 In terms of the equivalent electromagnetic enhancement mechanism, the enhancement 
factor GSEIRA scales as the electric field intensity:14 
 2SEIRA 0( )G  E   (5.3) 
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Because SEIRA is an absorptive phenomenon, it is described by an electric field-squared relation 
rather than an |E|4 relation like SERS. As a consequence of this relationship, SEIRA 
enhancement factors are considerable smaller than SERS enhancement factors.  
 SEIRA and SERS simulations were performed using the boundary element method 
(BEM) originally formulated for plasmonic nanostructures by F. J. García de Abajo and 
coworkers.15 BEM is a method for numerically solving Maxwell’s equations across discrete 
interfaces using an appropriately constructed Green’s function and surface integral equations. 
Application of the appropriate boundary conditions leads to the formulation of surface charges 
and currents, which may then be used to calculate the electric field and, subsequently, far-field 
absorption and scattering. The optical constants of all metals were calculated from an empirically 
derived Drude model and extended into the infrared region, as described elsewhere.16,17 Plane 
wave excitation wave assumed for all simulations. We plan to further investigate the effects of 
plane wave versus evanescent field excitation and substrate effects in a future investigation.  
 The case of an isolated 40 nm gold nanosphere under three different excitation 
wavelengths is shown in Figure 5.1. For this case, the surrounding index of refraction was 
assumed to have an index of refraction of n = 1.4.18 The electric field distribution clearly shows a 
concentration of light near the nanoparticle surface for excitation wavelengths close to the LSPR 
(633, 780 nm). More importantly, excitation with a 7200 nm (~1400 cm-1) plane wave exhibits 
almost an order of magnitude increase of localized light surrounding the nanoparticle  
(GSEIRA =  7.5). While far from the LSPR, the maximum |E|2 at 7200 nm excitation is only 20% 
less than the maximum |E|2 at 780 nm. Mid-infrared spectroscopic measurements are particularly 
prone to spectral distortions due to scattering. Nanospheres tend to scatter at higher wavenumber 
and are very sensitive to the surrounding index of refraction. This contribution is likely to have  
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Figure 5.1. Near-field distribution of isolated gold nanospheres (diameter = 40 nm) surrounded 
in a dielectric medium of n = 1.4 with an excitation wavelength of (a) 633 nm (max |E|2 = 11.6), 
(b) 780 nm (max |E|2 = 9.3), and (c) 7200 nm (max |E|2 = 7.5). Scale bar: 10 nm. (d) Far-field 
scattering cross section of an isolated nanosphere surrounded by a dielectric with index of 
refraction ranging from n = 1.0 – 1.5.  
 
its greatest effect on C-H vibrational modes for biological samples. For a single nanosphere the 
scattering cross section is exceedingly small; however, we experimentally expect large 
aggregates of nanoparticles, resulting in a greater degree of a scattering. The scattering spectra is 
sensitive to surrounding dielectric environment. Moreover, our results show that nanoparticles 
embedded within cellular structure (n ~ 1.4) have a higher scattering cross section than isolated 
nanoparticles in air.  
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Figure 5.2. Near-field distribution of a dimerized gold nanosphere (diameter = 40 nm, 5 nm gap) 
at an excitation of (a) 633 nm (max |E|2 = 670), (b) 780 nm (max |E|2 = 78), and (c) 7200 nm 
(max |E|2 = 44) surrounded by a medium of n = 1.4. Scale bar: 10 nm. (d) Electric field intensity 
for a given wavenumber and separation distance of dimerized gold nanospheres. 
 
 In Figure 5.2, the properties of gold nanoparticles at mid-infrared frequencies were 
calculated for the near- and far-field properties of a dimerized gold nanosphere. Dimers and 
other higher-order aggregates are a highly studied area of research in SERS because they can 
greatly enhance the Raman scattering cross section up to single-molecule sensitivities.19,20  Hot-
spots are caused by plasmonic coupling (quantum mechanical tunneling of electrons) between 
nearby (< 3 nm) metallic surfaces that lead to huge SERS enhancement factors (up to 10 orders 
of magnitude).6 Because it is difficult to precisely control molecular positioning and nanometer 
scale gaps between surfaces, signal variability from hot-spots has somewhat hindered the 
development of SERS. Excitation near the LSPR (633 nm) results in an intense electric field, as 
expected. Unlike the isolated sphere case, the maximum |E|2 at 7200 nm is 40% less than 
excitation at 780 nm. This indicates that hot-spots between plasmonic surfaces contribute much 
less to the SEIRA signal as compared to SERS. As a consequence, there is less expectation of 
aggregates enhancing the infrared spectra. We see that enhancement is wavelength dependent in 
the mid-infrared and tends to increase for smaller wavenumber.  
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5.3 Results and discussion   
 
Figure 5.3. (a) Schematic of synthesized SERS probes with conjugated NLS peptide.  
(b) Transmission electron micrograph of gold nanoparticles. Scale bar: 100 nm. (c) ATR FT-IR 
spectra of probes and (d) SERS spectra of probes (i) with and (ii) without bound peptides. 
 
 Nuclear-targeted gold nanoparticles were synthesized as shown in Figure 5.3. Average 
nanoparticle size and geometry were confirmed by transmission electron microscopy (TEM) and 
found to be 37.4 +/- 4.1 nm as determined by measuring the diameter of ~200 nanoparticles. 
Nanoparticles with diameters of 30 – 50 nm have been repeatedly shown to exhibit enhanced 
cellular uptake and minimal toxicity as compared to other dimensions.13,21 These nanoparticles 
were prepared with a mixed monolayer consisting of thiolated methyl ether polyethylene glycol 
(PEG5000-SH), nuclear localization sequence (NLS) peptides, and Raman-active reporter 
molecules (5-thio-2-nitrobenzoic acid or TNB). Previously, Liu and coworkers demonstrated that 
the adenovirus-derived NLS peptide sequence CGGFSTSLRARKA was effective for targeting 
the nuclei of HeLa cells with conjugated gold nanoparticles.22 NLS peptides were attached 
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covalently to the gold surface with the free cysteine side chain (see Section 5.4). Zeta potential 
was used to confirm successful surface modification: as-synthesized gold nanoparticles (CTAB-
stabilized) had a surface charge of 39 +/- 3 mV. Peptide-conjugated nanoparticles with PEG and 
TNB had a surface charge of -8 +/- 1 mV. This indicates that the neutral species PEG 
successfully bound and stabilized the surface. Morphology and size distribution were further 
characterized by UV/Vis spectroscopy and dynamic light scattering, as shown in Figure 5.4.  
 
Figure 5.4. (a) UV/Vis spectra of (solid) as-synthesized CTAB nanospheres and (dotted) 
peptide-conjugated nanospheres with PEG and TNB. (b) Dynamic light scattering of 
nanospheres before and after peptide conjugation. The addition of PEG and peptide ligands 
results in an overall larger hydrodynamic size and slightly broader size distribution. 
 
 Preparing highly functionalized, targeted nanoprobes can be accomplished by developing 
nanoparticles with a mixed monolayer of thiolated molecules. Our functionalization strategy was 
based off our previous characterization studies demonstrating that monolayer formation of small 
thiolated molecules bind to gold nanoparticles according to a first-order Langmuir adsorption 
model.23 Assuming that PEG-SH behaves similarly,24 we estimate 50% PEG-SH, 25% NLS, and 
25% TNB coverage per nanoparticle. To verify surface chemistry composition, dried films of 
unconjugated and peptide-conjugated nanoparticles on an infrared reflective substrate (MirrIR 
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low-emissivity glass) were characterized using attenuated total reflectance Fourier transform 
infrared (ATR FT-IR) spectroscopy. Before characterization, all nanoparticle suspensions were 
extensively dialyzed in 18.2 M-cm water to remove excess ligands and other byproducts. The 
ATR FT-IR spectra clearly show differences between the unconjugated and conjugated samples. 
Most notably, the emergence of an amide I mode centered at 1654 cm-1 indicates successful 
peptide conjugation. Amide II (1545 cm-1) was also observed but there is some overlap with the 
vibrational modes of TNB. The spectral features of the bound PEG dominate the ATR FT-IR 
spectra. The vibrational mode at 1096 cm-1 corresponds to C-O-H and C-O-C stretching. The 
bands at 1340 and 1466 cm-1 correspond to C-H bending modes.25 A relatively weak contribution 
from TNB is observed at 1398 cm-1 corresponding to a symmetric N-O stretching mode. An 
aromatic C-C bending mode (1618 cm-1) from TNB is also observed in the unconjugated sample. 
To further characterize the surface chemistry, Raman spectroscopy was performed. We observed 
the characteristic SERS spectra of TNB with an intense vibrational mode at 1333 cm-1 
(symmetric N-O stretch) and a less intense C-S stretching mode at 1098 cm-1.26 The SERS 
spectra of peptide conjugated nanoparticles is indistinguishable from unconjugated nanoparticles, 
illustrating the need for FT-IR data to confirm surface chemistry composition.  
 Freshly prepared and characterized nuclear-targeted gold nanoparticles (0.5 nM final 
concentration) were incubated with MCF-10A cells for 6 hours before ethanol fixation. In  
Figure 5.5, bright-field (BF) and dark-field (DF) optical microscopy were used to help spatially 
localize the nanoparticles within the cells. Due to the relatively high concentration of 
endocytosed nanoparticles, it was possible to clearly see clusters of nanoparticle aggregates in 
both the BF and DF images). Colocalized images of optical, ATR FT-IR, and Raman were 
obtained. As a consequence of the need for direct contact of the sample with the crystal, ATR  
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Figure 5.5. (a) Optical microscopy (DF – left, BF – right) images of fixed MCF-10A cells 
incubated with peptide conjugated nanoparticles for 6 hours before fixation. Scale bar: 50 m. 
Colocalized images of DF, BF, ATR FT-IR (Amide I, 1656 cm-1), and SERS (red – symmetric 
N-O stretch, 1333 cm-1; blue – reflectance) of (b) nanoparticle treated and (c) untreated cells.  
(d) Enlarged optical images as indicated by the dotted boxes and corresponding single pixel 
spectra at the indicated position (in yellow).  
 
images tend to have slightly distorted morphological features. We analyzed the infrared spectra 
using principle component analysis and were unable to successfully distinguish between regions 
containing a high concentration of nanoparticle aggregates and those without. This is a 
consequence of the high intensity of cellular infrared spectroscopic signatures with respect to the 
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relatively weak conjugated nanoparticle signal.  Despite these clusters being on order of a few 
microns, the nanoparticle signature could not be recovered from ATR FT-IR data. An Si-O 
stretching mode contribution at 1100 cm-1 also appears in the spectra.27 
  Despite the ability of gold nanoparticles to concentrate light in the mid-infrared, the 
SEIRA effect is exceedingly weak as compared to the absorption cross section of the cells. Large 
clusters of randomly oriented aggregated nanoparticles could, however, significantly influence 
the scattering spectra throughout the mid-infrared frequencies. While hot-spots are notorious in 
the field of SERS for making quantification difficult; the challenges associated with imaging 
nanoparticles with infrared spectroscopy are likely related to scattering effects. Consequently, 
the lack of influence from gold nanoparticles embedded within tissue may make it possible to 
extract important chemical information from the cells that would otherwise be obscured in SERS 
spectra, which is dominated by the nanoparticle signature.  
 
Figure 5.6. Optical image of representative sample of MCF-10A cells incubated with 
nanoparticles for 24 hours and stained with trypan blue: (a) CTAB-stabilized gold nanospheres 
and (b) peptide-conjugated gold nanospheres (1.3 nM). Scale bar: 50 m. (c) Percent viability of 
a control (no nanoparticles), two concentrations of peptide-conjugated nanospheres (.13 nM and 
1.3 nM) and CTAB-stabilized gold nanospheres (1.0 nM). 
 
 The toxicity of the mixed monolayer nanoparticles with MCF-10A cells were evaluated 
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by performing a trypan blue exclusion assay. As shown in Figure 5.6, the trypan blue exclusion 
assay showed that CTAB-stabilized gold nanoparticles were highly toxic. In contrast, cells 
incubated with peptide-conjugated gold nanoparticles cellular uptake was observed with minimal 
cell death. The trypan blue assay indicated that the surface chemistry of peptide-conjugated gold 
nanoparticles had minimal toxicity.  
Figure 5.7. Visible light image (top left) and corresponding depth scanned confocal Raman 
images (i – v) of the N-O stretching mode (1333 cm-1) in 2 m step sizes. Scale bar: 50 m. 
 
 To further investigate the distribution of the nanoparticles in the cells, we used confocal 
Raman microscopy (780 nm excitation) to acquire multiple layers of images offset 2 m per 
step. As shown in Figure 5.7, we observed that the nanoparticles embedded within cells on 
reflective substrate are primarily confined to two image planes. The nanoparticles are highly 
localized to the nucleus and its surroundings, indicating that successful peptide conjugation and 
targeting occurred. The Raman spectra were acquired with a 100× 0.9 NA objective and the N-O 
symmetric stretching mode was integrated around 1333 cm-1.  Attempts to obtain cellular 
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chemical spectra (i.e., C-H vibrational modes at ~2800 cm-1) using Raman were unsuccessful 
due to the overwhelming signature of the nanoparticles. Furthermore, excitation at 532 nm led to 
rapid melting of the nanoparticles due to the strong localized surface plasmon resonance 
absorption.  
 In summary, nuclear-targeted nanoprobes were developed and characterized using optical 
and infrared spectroscopy. The surface chemistry of the nanoprobes consisted of a mixed 
monolayer of ligands including NLS peptides, PEG-SH, and TNB. The Raman reporter molecule 
(TNB) bound to the gold nanoprobe surface was easily observed using confocal Raman 
microscopy. Using ATR-FTIR, we confirmed the surface chemistry of the peptide-bound 
nanoprobes and observed the strongest signal to originate from the PEG ligands. The formation 
of aggregate during the cellular uptake process did not result in a noticeable signal SEIRA 
enhancement, which is confirmed by our theoretical model that demonstrates dimerized gold 
nanoparticles have less enhancement contribution in the infrared because the excitation 
wavelength is far away from the LSPR.  
5.4 Experimental 
Materials. Cetyltrimethylammonium bromide (CTAB, > 99%), 5,5’-dithiobis-(2-nitrobenzoic 
acid (DTNB, >95%), poly(ethylene glycol) methyl ether thiol (5,000 g/mol), L-ascorbic acid 
(>99%), sodium borohydride (NaBH4, 99.99%), tetrachloroauric(III) acid (HAuCl4, > 99.999%), 
trypan blue and Spectra-Por Float-A-Lyzer G2 dialysis membranes (100,000 g/mol) were 
purchased from Sigma-Aldrich and used without further modification. Lyophilized peptides with 
the sequence CGGFSTSLRARKA (NLS) with >95% purity and terminal acetylation/amidation 
were purchased from Biomatik. All glassware was cleaned with aqua regia (3:1 HCl:HNO3) and 
rinsed multiple times with 18.2 MΩ-cm H2O before use.  
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Instrumentation. Raman microspectroscopy was performed on a Horiba LabRAM HR 
microscope with a Horiba Synapse deep-depletion detector (1024 × 256 pixels, 26 m × 26 m 
pixel size). Samples were illuminated with a 632.8 nm HeNe laser and a spectral resolution of  
10 cm-1. Images were acquired with a 50× 0.75 NA objective and a pixel size of 750 × 750 nm 
with integration times ranging between 10 – 100 milliseconds per pixel depending on signal 
strength. Depth scans were performed on a Thermo Fisher DXRxi Raman imaging microscope 
with a confocal pinhole of 25 m and an EMCCD detector (1600 × 200 pixels, 16 m × 16 m 
pixel size). Images were acquired with a 100× 0.9 NA objective with a 780 nm excitation 
wavelength. FTIR transflectance measurements were acquired with a PerkinElmer Spotlight One 
imaging system with 6.25 m × 6.25 m pixel size. ATR-FTIR infrared microspectroscopy 
images were acquired with a PerkinElmer Spotlight 400 FTIR imaging system, a germanium 
crystal/ATR attachment, and 1.56 m × 1.56 m pixel size. Data was collected using a raster 
scanning MCT linear array detector with an interferometer speed of 1.0 cm/s. The ATR crystal 
was put in contact with the tissue with minimum possible contact to capture the cells to minimize 
sample damage. The background spectra was acquired at 120 scans per pixel and a spectral 
resolution of 4 cm-1. Atmospheric correction and the ATR correction was applied using 
PerkinElmer Spotlight software and the further analysis was done in ENVI-IDL or MATLAB. 
Infrared transflectance and ATR measurements were performed on low-emissivity (low-e) 
microscope slides (MirrIR, Kevley Technologies). UV/Vis absorption spectra were acquired with 
a GE Healthcare GeneQuant 1300 spectrophotometer. -potential/dynamic light scattering 
measurements were performed on a Malvern Zetasizer Nano ZS. Optical bright-field and dark-
field microscopy images were acquired with a Zeiss Axiovision Imager M2. Transmission 
electron microscopy was performed on a JEOL 2100 Cryo TEM with an accelerating voltage of 
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200 kV. Aqueous samples were deposited on a holey carbon grid (Ted Pella) and allowed to air 
dry before imaging. 
Nanoparticle synthesis. Gold nanospheres stabilized with cetyltrimethylammonium bromide 
were synthesized according to a well-established protocol.28 Briefly, a nanoparticle seed solution 
was made by rapidly mixing 0.25 mL of 10 mM HAuCl4, 7.5 mL of 100 mM CTAB, 0.6 mL of 
ice-cold, freshly prepared 10 mM NaBH4. Upon addition of the NaBH4, the solution immediately 
turned light brown. The seed solution was allowed to sit for 1 hour to hydrolyze remaining 
NaBH4. Gold nanospheres were prepared in large batches to maximize monodispersity and 
uniformity across samples: a typical growth solution consisted of 64 mL of 100 mM CTAB,  
8 mL of 10 mM HAuCl4, and 320 mL of H2O. The resulting solution appeared bright orange, 
indicating the formation of an AuBr4- complex. Under moderate magnetic stirring, 38 mL of  
100 mM L-ascorbic acid was added. The solution immediately turned colorless indicating 
reduction to Au (I). The seed solution was then diluted 5× and 200 L was mixed into the 
solution. The solution slowly turned from colorless to red. After 1 hour, the solution was 
centrifuged at 5250 × g for 1.5 hours and resuspended in water. Resuspension/centrifugation was 
performed a total of two times to remove CTAB and reaction byproducts.  
Surface modification and peptide conjugation.  A solution consisting of 1 mM mPEG-SH was 
added to a solution of gold nanoparticles ( = 530 nm, OD = 25) under sonication. After 1 hour, 
the nanoparticles were spun at 6000 × g for 15 minutes and resuspended in 1 mL of  
10× phosphate buffered saline. To the nanoparticle solution, 20 L of 1 mM DTNB (pH ~ 7 – 8) 
and 20 L of NLS (1,394.61 g/mol at a concentration of 4 mM) were added and allowed to sit 
for 4 hours. Samples were subject to dialysis (100,000 g/mol) for a minimum of 24 hours at 
room temperature to remove excess, unbound peptides, reporter molecules, and PEG. After 
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dialysis, samples were stored at 4 degrees Celsius until use. Samples were prepared within a 
week of usage as a precaution to avoid peptide degradation.  
Cell culture. MCF-10A (ATCC, normal human mammary epithelial cells) following standard 
cell culture procedures29 were seeded in 24 well plates to reach about 50 – 70% confluency on 
low-emissivity glass. Cells were incubated with peptide-conjugated gold nanoparticles for  
6 hours before washing 3× with 1× PBS and then fixed with 70% ethanol for 30 seconds. In a 
typical experiment, 1.25 mL of cell culture media was mixed with 0.5 mL of peptide-conjugated 
nanoparticles ( = 531 nm, OD = 5 – 7). Cell viability was assessed with a trypan blue exclusion 
assay using the MCF-10A cell line. Briefly, cells were seeded in triplicate at 5000 cells per well 
in 96 well plates. After 48 hours of growth, cells were washed 3× in 1× PBS and incubated with 
nanoparticles in phenol red free complete medium for 24 hours. Post incubation cells were 
washed 3× with 1× PBS to remove remaining nanoparticles. Cell death was assessed using 
trypan blue exclusion assays. Cells were seeded at 3 × 105 cells per well in six well plates and 
grown for 48 hours. Cells were then washed 3× with 1× PBS and incubated with nanoparticles in 
phenol red free complete medium for 24 hours. Post incubation, cells were washed 3× with  
1× PBS to remove remaining nanoparticles. Phenol free medium with 0.04% trypan blue was 
then added and samples imaged immediately. Images were taken in three spatially distinct areas 
of each sample and cell counts were performed using ImageJ.  
Electromagnetic simulations. Simulations were performed using the MNPBEM v1.4 software 
package created by U. Hohenester and A. Trügler.30–32 Silver and gold dielectric constants were 
obtained using an empirically derived Drude model, as described elsewhere.16,17  
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CHAPTER 6 
REFLECTIVE SUBSTRATES IN MID-INFRARED SPECTROSCOPY 
6.1 Introduction 
 In mid-infrared spectroscopy, careful consideration of the substrate and illumination 
geometry are crucial for obtaining high-quality quantitative data. Illumination using 
transmission, transflection, or attenuated total reflectance (ATR) geometries along with 
transmissive salt windows (CaF2, BaF2, ZnSe, etc.) or reflective substrates (gold, aluminum, etc.) 
can influence the resulting spectra and, subsequently, hinder our ability to perform classification 
algorithms across measurements.1 Additionally, with recent advances in semiconductor 
technology, infrared spectroscopy can now be performed using bright, monochromatic coherent 
light sources rather than weak, incoherent thermal sources that require the use of an 
interferometer. These sources, called quantum cascade lasers (QCLs), were originally developed 
by Jerome Faist, Federico Capasso and coworkers at Bell Labs in 1994 and have only recently 
become commercially available.2 Consideration of coherent sources adds a new challenge in 
interpreting the effects of substrates and illumination.  
 While transmission may be the most ideal illumination geometry, it is often avoided 
because of the high cost of salt windows and issues with their toxicity and solubility. 
Transflectance and ATR measurements are commonly used with inexpensive low-emissivity 
(low-e) glass or other metal-coated glass substrates.3–5 Reflective substrates, however, have been 
a subject of controversy because they exhibit an electric field standing wave (EFSW) effect that 
some researchers believe may cause difficulties in classification of biological materials due to 
spectral distortions.6,7 However, consideration of the incoherent propagation of light and multiple 
collection angles has been shown to minimize the EFSW effect such it is unlikely to significantly 
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distort a transflectance Fourier transform infrared (FTIR) spectroscopic measurement.8 While 
low-e glass is a convenient choice for a reflective substrate, because it is transparent in the 
visible and reflective in the infrared, the ambiguity over its structure and composition has led to 
some confusion over its optical properties and, consequently, its influence on infrared spectra as 
compared to other well-characterized metallic substrates such as gold-coated glass.  
 To address these concerns, and further understand the EFSW effect on reflective 
substrates, we present experimental characterization data of a common commercial low-e glass 
used for mid-infrared spectroscopy. Analytical electromagnetic calculations using Fresnel’s 
equations show significant differences in the spectral features of gold-coated versus low-e glass 
with both transflectance and ATR illumination geometries. 
6.2 Theory 
 An incident plane wave i( )i 0( , t) e
t  k rE r E  propagating toward an interface consisting of 
a half-plane with index of refraction n1 for z < 0 and n2 for z > 0 may be determined by solving 
the appropriate boundary conditions at the interface. The Fresnel coefficients for reflection (rs,p) 
and transmission (ts,p) for the perpendicular (s-polarized) and parallel (p-polarized) case may be 
described by the following:9  
 1 i 2 ts
1 i 2 t
cos cos
cos cos
n nr
n n
        (6.1) 
 1 t 2 ip
1 t 2 i
cos cos
cos cos
n nr
n n
        (6.2) 
and  
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 1 is
1 i 2 t
2 cos
cos cos
nt
n n
      (6.3) 
 1 ip
1 t 2 i
2 cos
cos cos
nt
n n
      (6.4) 
where i  is the incident angle and t  is the refracted angle. The reflectance R for either 
polarization is 2s sR r  or 2p pR r . Unpolarized light may be calculated by taking the average 
of both polarizations: 
2 2
s p
2
r r
R
 .  
 Layered planar media may be calculated using the transfer-matrix method (TMM) 
technique. The TMM may be formulated in terms of a phase-shift matrix vU and a refraction 
matrix v,v 1W :10–12  
 
v
v
i
v i
e 0
0 e

 
    
U   (6.5) 
 v,v 1v,v 1
v,v 1 v,v 1
1 1
1
r
r t


 
    
W   (6.6) 
where v,v 1r   and v,v 1t   are the Fresnel coefficients calculated at each interface. The phase-shift is 
equal to v v v v 02 cos /n h      where hv is the layer thickness, nv is the index of refraction, and 
v  is the entrance angle within each layer. The angle of propagation for each layer, for N 
interfaces, was determined using Snell’s law:  
 0 0 N Nsin ... sinn n      (6.7) 
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The partial system transfer matrix for each layer is represented by: 
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v ,v 1
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where vE
and vE
  represent a forward and backward propagating wave, respectively. The system 
transfer matrix for the entire multilayered system is: 
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The Fresnel coefficients of the multilayered system may then be calculated in terms of the 
incident and exiting electric field:  
 0 N
0 0
E E
E
 
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        
S   (6.11) 
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where NE
  is set to 0 because there are not backward propagating waves after the last interface. 
The above discussion of Fresnel’s equations assumes excitation by coherent, monochromatic 
plane waves. This technique is susceptible to Fabry-Perot resonances when layer thicknesses 
approach that of the excitation wavelength. In many cases, incoherent illumination or 
propagation through inhomogeneous layers is desirable for comparison to FTIR measurements or 
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disordered biological materials. Incoherent propagation was modeled by transforming the 
refraction matrix to an intensity matrix. The phase matrix may be discarded for completely 
dispersive incoherent layers or becomes exponentially decaying for absorptive indices of 
refraction.11 Absorption spectra were simulated by taking a ratio between the reflectance of the 
sample with and without the absorbing layer:  
 sample10
background
log
R
A
R
    (6.14) 
To examine the influence of substrate type, each band was normalized to 3912.5 cm-1 and a 
percent difference between the ratio of bands for each substrate was calculated: 
 
Au Au low-e low-e
3912 3912
low-e low-e
3912
/ /
% difference = 100%
/
A A A A
A A
    (6.15) 
where AuA and low-eA represent the integrated band intensity of gold and low-e, respectively.  
6.3 Results and discussion 
 In order to alleviate confusion surrounding the optical properties of low-e glass, we first 
sectioned commercially available low-e using a focused ion beam and mounted it to a copper 
grid appropriate for transmission electron microscopy (TEM). As shown in Figure 6.1, the TEM 
cross-sectional images clearly show two thin layers of silver protected by several layers of metal 
oxide atop a glass substrate. Note that the platinum layer was added purely for mechanical 
stability during cross sectioning and is not a component of low-e glass. Figure 6.2 shows the 
confirmation of each using energy-dispersive x-ray spectroscopy (EDS). Two layers of ZnO 
(corresponding to 40 and 60 nm) were clearly visible from spatially-resolved EDS. The third 
layer and thinnest layer of ZnO was heavily obscured by the copper background signal such that  
122 
 
 
Figure 6.1. Transflectance configuration for an incident plane wave for two common mid-IR 
reflective substrates (a) gold (typical thickness: 100 nm Au) and (b) low-e glass with an 
absorbing layer deposited on the surface. (c) Transmission electron micrograph of a cross section 
of low-e glass. The platinum layer was added for mechanical stability during cross sectioning 
and is not a constituent of low-e glass. Scale bar: 25 nm. (d) Schematic of multilayered low-e 
glass model used for simulations.  
 
it was not possible to resolve with EDS. The structure reported here is significantly different than 
previous studies of the same low-e glass (namely, a single layer of Ag and SnO2 layers rather 
than ZnO) and is the only experimentally determined structure of low-e glass reported to date.6,7 
Note that ZnO has a frequency-dependent and relatively lower index of refraction  
(n   1.6 – 1.9) as compared to the SnO2 (n = 2) layers used previously for modeling low-e glass.   
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Figure 6.2. (a) EDS spectra of a representative cross section of low-e glass. Fitting revealed the 
presence of Ag, Zn, Si, and O along with signal from the Pt and Cu supporting structures. 
Minimal carbon contamination was observed. (b) Spatially resolved EDS illustrating the position 
of Zn, Pt, and Si. Two layers containing Zn were clearly observed. The thin Zn layer at the Si-
ZnO interface was not resolvable. 
 
As shown in Figure 6.3, significant differences in reflectivity between the previously reported 
structures and the experimentally determined structure exist. 
 
Figure 6.3. Reflectance spectra of low-e glass represented in terms of (a) wavenumber and (b) 
wavelength using different models for unpolarized coherent light at normal incidence. The 
experimentally derived model (solid) consists of 40 nm ZnO, 15 nm Ag, 60 nm ZnO, 10 nm Ag, 
15 nm ZnO on a SiO2 substrate. Previously reported models consist of (dot-dash) 50 nm SnO2,  
5 nm Ag, 50 nm SnO2 and (dash) 300 nm SnO2, 1 nm Ag, and 300 nm SnO2 on a SiO2 substrate. 
Note that the index of refraction used for SnO2 was n = 2 + 0i. 
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Figure 6.4. (a) Real (n) and imaginary (k) index of refraction of theoretical absorber consisting 
of several equally spaced Lorentzian bands. (b) Calculated reflectivity of 100 nm gold-coated 
(red) and low-e (blue) glass in terms of wavelength and wavenumber excited at normal incidence 
with monochromatic plane waves. 
 
 Figure 6.4 shows the reflectance spectra calculated using the TMM method to simulate 
the spectra of a theoretical absorber consisting of a series of equally spaced Lorentzian bands 
from 4000 – 1000 cm-1. The absorptive, or imaginary, part of the refractive index was calculated 
by assuming each band had a maximum attenuation coefficient of 1000 cm-1. Kramers-Kronig 
relations were used to calculate the dispersive part of the refractive index centered around a 
value of 1.3. At first glance, the reflectivity of gold versus low-e glass may seem negligible in 
the mid-IR but the reflectivity of low-e glass has a distinct curvature that is not present in the 
gold-coated substrate. A small contribution at 1100 cm-1 in the low-e reflectance spectra is 
attributed to a Si-O stretching mode.  
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Figure 6.5. Simulated absorbance spectra (red: gold-coated glass; blue: low-e glass) for absorber 
thicknesses ranging from 10 m – 0.04 m. Unpolarized plane wave excitation at an angle of 
incidence of 30 degrees and incoherent light propagation throughout all layers was assumed.   
  
 Transflectance simulations at an angle of incidence of 30 degrees were performed to 
evaluate differences in the spectral characteristics of gold-coated versus low-e glass as described 
in Figure 6.5. The absorber thickness was varied from 10 m – 0.04 m and incoherent 
propagation of light throughout each layer was assumed. This particular configuration mimics 
that of an FTIR instrument at a single collection angle. It should be noted that there are minimal 
differences in the spectra for other collection angles ranging from 30 – 45 degrees. As 
anticipated, the standing wave effect was not observed for incoherent propagation. For thick 
samples, the spectra has negligible differences. For practical FTIR measurements, this indicates 
that thick films of sample are minimally affected by reflective substrate choice. As the absorber 
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thicknesses decrease, we observe that low-e has decreased band height toward shorter 
wavenumber as a consequence of increased penetration into the multilayered low-e structure. To 
quantify these differences, we evaluated the intensities of each band and normalized to 3912 cm-1 
to calculate a percent difference between the gold and low-e band height, as described in  
Figure 6.6. Thin absorber films of have significant differences in band height ratios up to 43% 
for a 40 nm thick film.  
 
Figure 6.6. Calculated percent difference between band height ratios (A/A3912) of gold-coated 
and low-e glass for absorber thicknesses ranging from 10 m – 0.04 m. Unpolarized plane 
wave excitation at an angle of incidence of 30 degrees and incoherent light propagation 
throughout all layers was assumed.  
 
 With the emergence of QCLs, it is also important to consider coherent sources and how 
substrates can influence the measured spectra. Using the same absorber and film thicknesses, 
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simulations at normal incidence with unpolarized coherent light were performed, as shown in 
Figure 6.7. Normal incidence results in an increased penetration depth into the multilayered  
 
Figure 6.7. Simulated absorbance spectra (red: gold-coated glass; blue: low-e glass) for absorber 
thicknesses ranging from 10 m – 40 nm. Unpolarized coherent plane wave excitation at normal 
incidence was assumed. The EFSW effect was observed for absorber layers on the order of the 
excitation wavelength. 
 
low-e structure. Here, the EFSW is evident for thick absorber layers. For homogeneous films 
where the EFSW effect is likely to occur most noticeably, difficulties in classification will arise, 
as described by Bassan and coworkers.6 The percent difference for each absorber thickness was 
also calculated in Figure 6.8. The EFSW effect causes significant (nearly 20%) differences in 
band ratios between the gold-coated and low-e glass. Unlike in the incoherent case, thick 
absorbers exhibit a significant  A/A3912 ratio because the curvature of the reflectivity of low-e 
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glass in combination with the EFSW cause sudden shifts in peak height. At absorber thicknesses 
below 0.5 m where the EFSW effect is negligible there is still a considerable difference 
between these two substrates (up to 15%). This primarily arises from a difference in frequency-
dependent penetration of light into the low-e.  
 
Figure 6.8. Calculated percent difference between band height ratios (A/A3912) of gold-coated 
and low-e glass for absorber thicknesses ranging from 10 m – 0.04 m. Unpolarized coherent 
plane wave excitation at normal incidence was assumed. 
 
 ATR-FTIR is a common technique to probe the chemical information of thin films, 
liquids, and biological materials that would otherwise yield a poor or unusable transflectance 
infrared signature. For biological materials, which are highly susceptible to scattering due to 
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inhomogeneities in their morphology, ATR is a convenient method for minimizing undesirable 
scattering that can lead to spectral distortions. In the case of Ge crystals (n = 4 + 0i), ATR 
 
Figure 6.9. Simulated ATR spectra (black: without absorber; blue: with a 10 nm thick absorbing 
layer) of low-e glass for an angle of incidence of  (a) 23 degrees in terms of wavelength,  
(b) 23 degrees in terms of wavenumber, (c) 30 degrees in terms of wavelength, and  
(d) 30 degrees in terms of wavenumber.  
 
attachments to FTIR instruments are commonly designed to have angles of incidence ranging 
from 23 – 30 degrees to ensure total internal. Slightly below 23 degrees, surface waves for both 
gold-coated and low-e glass can be generated and lead to a reduction in reflectance. Simulated 
ATR spectra in Figures 6.9 and 6.10 were calculated by assuming a Ge crystal was placed in 
contact with a low-e glass slide. Using the experimentally derived structure, the Si-O stretch at 
1100 cm-1 was observed.   
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Figure 6.10. Simulated reflectance spectra of (a) low-e and (b) gold-coated (100 nm) glass for 
unpolarized monochromatic light in ATR mode and an absorber thickness of 1.5 m. Excitation 
wavelength (i) 10 m, (ii) 7.5 m, (iii) 5.0 m, and (iv) 2.5 m. The highlighted region (blue) 
corresponds to angles of incidence (23 – 30 degrees) found in some ATR attachments.  
 
 In Figure 6.11, ATR-FTIR absorption spectra were calculated for gold-coated and low-e 
glass slides. The background reflectance Rbackground was calculated by placing the Ge crystal in 
direct contact with the substrate. As expected, the choice of substrate only influenced thin 
absorbing layers (less than the wavelength of light) where light could partially penetrate into the 
glass. Thick absorber layers had negligible differences in absorption spectra for either substrate.  
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Figure 6.11. Simulated ATR spectra (absorbance and A/A3912) of gold-coated and low-e glass at 
an angle of incidence of 30 degrees for thicknesses 0.25 m, 0.1 m, and 0.01 m. 
 
 
Furthermore, we can visualize the field penetrating the substrate as illustrated in Figure 6.12. As 
shown, we observe some penetration into the SiO2 layer at an angle of incidence of 30 degrees.  
 
Figure 6.12. Simulated schematic illustration of the field distribution (Hz) for a p-polarized 
plane wave incident ( = 5 m) on a low-e substrate in (a) transflection mode and (b) ATR mode 
at an angle of incidence of 30 degrees. The absorber thickness was set to 0.5 m. 
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6.4 Experimental 
Instrumentation. Transmission electron microscopy was performed on a JEOL 2010F TEM 
with an accelerating voltage of 200 kV. Scanning transmission electron microscopy/EDS were 
performed on a JEOL 2010F TEM with a probe size of 0.5 nm. Focused ion beam (FIB) cross 
sectioning was performed on an FEI Helios NanoLab 600i FIB. 
Simulations. Field calculations were performed with COMSOL Multiphysics 5.0 using the RF 
Module. Analytical calculations were performed with either MATLAB or Python (NumPy). 
Gold and silver optical constants were obtained from an empirically fit Drude model and 
extended up to mid-infrared frequencies, as described elsewhere.13,14 Silicon dioxide’s optical 
constants were obtained from Kischkat and coworkers.15 The index of refraction of zinc oxide 
was assumed to be completely dispersive and calculated using the Sellmeier equation:16 
2
2 2
2 2
.879682.81418 .00711
.3042
n      . The complex index of refraction of tin oxide was 
calculated using the Drude model assuming a carrier density of ne = 3.5 × 1026 m-3, mobility  
 = 4 × 10-3 cm2/Vs, and high-frequency permittivity limit   = 3.85.17 Germanium was 
assumed to have a constant index of refraction of n = 4 + 0i.  
6.5 Conclusion 
 There exists some disagreement about the reliability of transflectance measurements 
using reflective substrates. We have analyzed a series of Lorentzian bands in the mid-IR for both 
gold-coated and low-e glass in order to help alleviate these concerns. Low-e glass, in particular, 
is desirable because it is low cost, disposable, and is optically transparent. Nonetheless, all 
reflective substrates are subject to the EFSW effect and therefore, we must treat each reflective 
substrate carefully. Our simulated results indicate that there are indeed spectral differences 
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between gold and low-e for coherent and incoherent propagation of light through the multilayers. 
For FTIR measurements, it the difference between substrates is minimal when the absorber 
thickness approaches that of the wavelength of light. In contrast, coherent measurements using 
devices such as QCLs are significantly more susceptible to the EFSW effect and correspondingly 
spectral distortions across substrates. ATR measurements show small differences between 
substrates but also have a Si-O contribution at 1100 cm-1, which can distort nearby bands.  
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CHAPTER 7 
 
COHERENT NANOAREA ELECTRON DIFFRACTION OF AU@AG NANORODS 
REVEALS STRUCTURAL INFORMATION 
7.1 Introduction 
 
 The structural properties of gold and gold-silver (Au@Ag) core-shell nanorods were 
analyzed using coherent nanoarea electron diffraction (NED) and high-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM). We observed bending and twisting 
in gold nanorods which was subsequently reduced by the epitaxial growth of a silver shell. 
 Refinement in the synthesis of colloidal plasmonic nanocrystals has recently led to 
exciting advances in catalysis,1,2 imaging and sensing,3–5 and drug delivery.6,7 Typically 
composed of coinage metals (gold, silver, or copper), plasmonic nanocrystals are particularly 
useful from an optical sensing perspective because of their ability to confine electromagnetic 
fields at sub-diffraction-limited dimensions. This confinement or localization of incident light 
leads to a resonance condition called the localized surface plasmon resonance (LSPR), resulting 
in their brilliant optical properties.  
      Recently, bimetallic nanostructures have garnered much attention as efforts to improve 
and tune the optical, magnetic, or catalytic properties of plasmonic nanocrystals have intensified. 
Two classes of bimetallic nanocrystals exist: alloys and core-shell structures.8,9 Alloys are 
typically formed via co-reduction in the presence of two metallic precursors or through a 
sacrificial template and galvanic replacement. Gold-silver nanocages, for example, have been 
successfully applied to a wide variety of biomedical imaging, chemical sensing, and catalysis 
applications.1,10,11 The second class called core-shell consists of a shell grown around a core 
material. Several common core-shell nanostructures include Au@Pd, Au@Ag, and 
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Fe3O4@Au.4,8,12 Regardless of classification, bimetallic nanocrystals are especially attractive 
because the resulting nanostructure gains useful properties of the shell while maintaining many 
of the desirable properties of the core.  
7.2 Results and discussion 
 
 
Figure 7.1. (a) Electronic absorption spectra of gold nanorods with varying concentration of 
reducing agent, hydroquinone. (b) Transmission electron micrograph of gold nanorods. Scale 
bar: 60 nm. Inset: High magnification electron micrograph. Scale bar: 10 nm. (c) Electronic 
absorption spectra of Au@Ag nanorods with varying degrees of AgNO3 added.  (d) 
Transmission electron micrograph of Au@Ag nanorods. Scale bar: 60 nm. Inset: High 
magnification electron micrograph of Au@Ag nanorods. Scale bar: 10 nm. 
  
 Here, we investigated the structural properties of Au@Ag nanorods using coherent 
nanoarea electron diffraction (NED) and high-angle annular dark-field scanning transmission 
electron microscopy (HAADF-STEM). Coherent NED provides localized information on the 
nanostructure’s facet size, facet sharpness, and may be used to quantify the directions of high-
index facets.13 HAADF-STEM provides atomic resolution images of core-shell nanostructures 
and the contrast necessary to resolve interface sharpness.     
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 Gold nanorods were synthesized using a recently developed, high-yield seed-mediated 
technique that produces monocrystalline gold nanorods with LSPRs ranging from  
800 – 1300 nm, as shown in Figure 7.1.14 This synthetic procedure uses a relatively weak 
reducing agent, hydroquinone, to slow the kinetics of crystal growth. Notably, the resulting 
nanorods have asymmetrical endcaps rather than spherical endcaps found in ascorbic acid-
reduced nanorods. Using transmission electron microscopy and electronic absorption 
spectroscopy, we confirmed the morphological and optical properties of the nanorods. In 
particular, we studied long aspect ratio nanorods with transverse diameters of approximately 15 
nm and lengths between 75 – 110 nm. Epitaxial growth of silver was accomplished using well-
established protocols.15,16  
 
Figure 7.2. Coherent NED revealed anisotropic, elongated diffraction spots with varying degrees 
of splitting in (a) gold nanorods (strong splitting), Au@Ag nanorods with an average silver 
thickness of (b) < 1 nm (weak splitting), (c) 1 – 2 nm (no splitting), and (d) 3 – 4 nm (no 
splitting). Diffraction streak splitting is indicative of internalized bending and twisting of the 
nanorod. Scale bar: 30 nm. 
  
 Despite the facile synthesis, excellent biocompatibility, colloidal stability, and optical 
tunability of gold nanorods, they lack the superior plasmonic properties of silver nanocrystals, 
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primarily due to gold’s interband transitions.17 For sensing applications, where sensitivity and a 
low limit of detection are crucial, improved plasmonic properties are highly desirable. Hence, we 
investigated the optical and structural properties of Au@Ag core-shell nanorods because they 
maintain many of the desirable characteristics of gold nanorods, such as stability, and inherit the 
improved plasmonic properties of silver nanocrystals.15,18–20 We chose gold nanorods as the core 
material because they are easily synthesized in nonhazardous aqueous chemistry, have tunable 
optical properties, and have a high yield. Epitaxial growth of silver onto gold is possible because 
the bulk lattice constant of gold (a = 4.080 Å) is similar to that of silver (a = 4.090 Å). Au@Ag 
core-shell nanorods are highly stable in aqueous solution and their LSPR may be tuned by 
varying either the aspect ratio of the gold nanorod or the thickness of epitaxially grown 
silver.18,19  
 Figure 7.2 shows representative coherent NED patterns (in cyan) of four nanorod 
samples, their corresponding bright-field transmission electron microscopy (TEM) images, and 
magnified diffraction spot (in orange). The gold nanorod sample shows a splitting in the 
diffraction pattern which could indicate the presence of a twin, grain boundary, or bending 
within the nanorod. As silver was epitaxially grown from sub-monolayer coverage to several 
nanometers (3 – 4 nm) of thickness the splitting diminished and sharp diffraction spots were 
observed. When a 1 – 2 nm thick silver shell was grown around the gold core, an intermediate 
state with a high degree of surface roughness was observed. As additional layers of silver were 
grown, the facet streaks became longer, indicating sharpening of the facets. Facet sharpness 
parameters measured from the {1-10} planes of [100] diffraction patterns were 0.15, 0.15, 0.10, 
and 0.18 Å-1, respectively, for gold nanorods and Au@Ag nanorods with increasing silver 
thickness. This demonstrates that the facet sharpness for the Au@Ag nanorod sample with  
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1 – 2 nm of silver had an increased facet roughness whereas the Au@Ag nanorod sample with  
3 – 4 nm of silver had an increased facet sharpness as compared to the gold nanorod. In 
summary, our results indicate that epitaxially grown silver relieves bending within the nanorod. 
This is a surprising result because in traditional epitaxial systems such as thin films, 
heteroepitaxial layers increase or add strain to the substrate.21  
 
Figure 7.3 HAADF-STEM image of a gold nanorod illustrating areas with atomic resolution and 
blurring. Scale bar: 2 nm. (b) Low magnification image of a gold nanorod. Scale bar: 10 nm. 
Inset: atomic resolution image of the mid-section of the nanorod and its corresponding Fourier 
transform showing splitting of reflections caused by bending/twisting of the nanorod.  
Scale bar: 2 nm. (c) HAADF-STEM diffraction maps of the gold nanorod in (b) at positions (i) 
through (viii). Scale bar: 10 nm. 
  
 To confirm the mechanism for the observed splitting, we acquired HAADF-STEM 
images and scanning diffraction patterns, as shown in Figure 7.3. The HAADF-STEM images 
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show an interesting trend—only part of the nanorod was observed with atomic resolution, while 
the remaining nanorod was blurred. The presence of sharp atomic resolution STEM images relies 
on a highly focused probe as well as the sample being on a consistent low-index zone axis such 
that the probe electrons channel down atomic columns. Our observation indicates that since only 
part of the nanorod was imaged at atomic resolution, the remaining portion of the nanorod was 
likely strained and bent away. The Fourier transform in portions of atomic resolution STEM 
images revealed splitting in the reflections, further confirming bent or twisted nanorods. 
Additionally, scanning diffraction maps yield clear diffraction patterns showing a high degree of 
bending in these nanorods.  
 
Figure 7.4. HAADF-STEM images of Au@Ag nanorods with silver shell thicknesses of  
4 – 7 nm. Scale bar: 10 nm. Atomic resolution was observed throughout the entire Au@Ag 
nanostructure.  
  
 As observed in Figure 7.4, epitaxial growth of 1 – 2 nm of silver around a gold nanorod 
core showed clear atomic resolution without severe bending as observed with HAADF-STEM. 
The addition of a silver shell (> 3 nm) reduced the bending of nanorods and enhanced the 
sharpness of facets. This is surprising because during traditional semiconductor heteroepitaxy 
(Frank–van der Merwe layer-by-layer growth) the addition of films on the substrate increases 
strain when a lattice constant mismatch exists. Strain builds up as additional layers are grown. 
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The strain can be relieved by the formation of defects, such as dislocations, or the breakdown of 
layer-by-layer growth (i.e., island formation). Our results indicate that the heteroepitaxy of silver 
onto gold reduces the bending and eventually forms very sharp facets with an intermediate 
rougher state. 
 In summary, we investigated the structural properties of gold and Au@Ag nanorods 
whose understanding can lead to improved use of this novel class of nanostructure in imaging 
using highly sensitive chemical sensing techniques such as surface-enhanced Raman 
spectroscopy (SERS). While strain engineering has been used extensively by the semiconductor 
industry to tune the electrical properties of devices by enhancing carrier mobility,22,23 strain 
engineering of plasmonic substrates and nanocrystals is largely unexplored. Park and co-workers 
theoretically investigated strained gold and silver nanocrystals using Mie theory.24–26 Their 
calculations indicate that strain can improve the near-field optical properties of certain 
geometries of nanocrystals and attributed this effect to changes in electron density. As observed 
by coherent NED the observation of bending in gold nanorods may prove useful in designing 
optical probes in future studies with enhanced optical properties.  
7.3 Experimental  
 
Materials. Cetyltrimethylammonium bromide (CTAB, >99%), cetyltrimethylammonium 
chloride (CTAC, >98%), silver nitrate (99%), gold (III) chloride hydrate (>99 %), L-ascorbic 
acid (AA, >99%), hydroquinone (>99.5%), sodium polyacrylate (PAA, ~5,100 MW), sodium 
chloride (NaCl, >99%), poly (allylamine hydrochloride) (PAH, ~15,000 MW), and methylene 
blue (>82%) were purchased from Sigma-Aldrich and used without further purification. Ultrathin 
holey carbon transmission electron microscopy grids were purchased from Ted Pella. TEM grids 
were prepared by allowing a 10 L droplet of solution air dry on the grid. UV-Vis-NIR 
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absorbance spectra were measured with a Cary 5G spectrophotometer in a 1 cm path length 
fused silica cuvette.  
Gold nanorod synthesis. Long aspect ratio hydroquinone-reduced gold nanorods were prepared 
by following the procedure described by Zubarev and coworkers.14 Briefly, a seed solution was 
prepared by rapidly stirring 0.5 mL of HAuCl4 (0.01 M) with 9.5 mL of CTAB (0.1 M), resulting 
in a brilliant yellow-orange solution. To the seed solution, 0.46 mL of ice-cold, freshly prepared 
0.01 M NaBH4 containing 0.01 M NaOH was added. The solution immediately turned a light 
brown color indicating the formation of CTAB stabilized seed nanocrystals. The seed solution 
was allowed to sit at room temperature for a minimum of one hour to fully hydrolyze remaining 
borohydride species. Gold nanorods were prepared in ~100 mL batches containing 95 mL of 
0.01 M CTAB, 5 mL HAuCl4, and 0.7 mL of 0.1 M AgNO3. To this solution, varying volumes 
of hydroquinone (0.1 M) were added to tune the aspect ratio. In a typical synthesis, 5 – 10 mL of 
hydroquinone was added. The addition of hydroquinone turned the solution colorless after  
30 seconds. Finally, 1.6 mL of seed solution was added and gently mixed for 20 seconds. After 
several hours the solution turned dark brown indicating the formation of long aspect ratio gold 
nanorods. All solutions were allowed 24 hours to complete growth before purification. Gold 
nanorod solutions were purified via centrifugation at 5250 × g for three hours twice to remove 
excess CTAB and growth reagents.  
Au@Ag nanorod synthesis.  Silver shell growth was accomplished by dispersing purified 
CTAB stabilized gold nanorods in 0.1 M CTAC.15 In a typical procedure, a 7 mL aliquot of gold 
nanorods (OD ~ 18.5) in CTAC were mixed with varying amounts (0.15 – 2 mL) of 10 mM 
AgNO3. Ascorbic acid (0.1 M) acted as the reducing agent. The volume of ascorbic acid added 
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was one-half the volume of AgNO3. Samples were placed in an oven at 60 °C for a minimum of 
three hours to complete the reduction of silver.  
Nanoarea electron diffraction and electron microscopy. Coherent nanoarea electron 
diffraction (NED) patterns were acquired with a 197 kV JEOL JEM2010F transmission electron 
microscope with parallel probe sizes of 55 – 120 nm and were recorded onto imaging plates. The 
nanorods were tilted onto a low-index zone axis, typically [001] or [110]. High-angle annular 
dark-field scanning transmission electron microscopy (HAADF-STEM) images were acquired 
with a 200 kV JEOL JEM2200FS aberration corrected STEM with a probe size of ~0.1 nm. To 
detect the presence of nanorod bending, we reduced the convergence angle and scanned the 
beam while collecting diffraction patterns onto a CCD.  
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